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REMARKS 

This response enclosed with the RCE is offered in reply to the 
office action mailed December 15, 2005. 

In paragraph 3 of the office action, claims 11-16 are rejected 
under 35 USC 103(a) in view of the Murphy US Patent 5 716 720 taken 
with the Duhl US Patent 4 719 080 and EP 0 676 489. 

Claims 11-16 are believed to distinguish over the '720 patent 
taken with the '080 patent and EP'489. For example, claim 11 
recites a coated article comprising the recited superalloy 
substrate composition, an outwardly grown diffusion aluminide 
bondcoat on the substrate, and a ceramic thermal barrier coating 
disposed on the bondcoat wherein spallation life of the ceramic 
thermal barrier coating during cyclic oxidation is prolonged. 

Applicant's Figures 3, 4, and 5 and specification pages 8-10 
illustrate the significant and unexpected prolongation of 
spallation life of the ceramic thermal barrier coating achieved 
when the ceramic thermal barrier coating is disposed on the recited 
outwardly grown diffusion aluminide bondcoat on the recited 
superalloy substrate composition. 

This significant prolongation of spallation life of the 
thermal barrier coating is unexpected from the oxidation resistance 
exhibited by the bondcoated alloys shown in Applicant's Figure 2 
where the outwardly grown diffusion aluminide bondcoated alloys are 
designated MDC-150L and the inwardly grown diffusion aluminide 
bondcoated alloys are designated LDC-2E. 

As acknowledged by the examiner, the '720 patent does not 
disclose or suggest the claimed coated article having the features 
set forth in claim 11 such that a ceramic thermal barrier coating 
on a bondcoat exhibits prolongation of spallation life during 
cyclic oxidation. 
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Applicant also notes that there is no suggestion whatsoever in 
the '720 patent that a superalloy composition including hafnium 
when provided with an outwardly grown diffusion aluminide coating 
and ceramic thermal barrier coating exhibits a significant and 
unexpected prolongation of spallation life of the ceramic thermal 
barrier coating as demonstrated by Applicant's Figures 3, 4, and 5 
and specification pages 8-10. 

The examiner cites the '080 patent as showing a superalloy 
composition overlapping that of the pending claims. However, the 
•080 patent discloses a superalloy composition for making single 
crystal castings with improved creep strength, thermo-mechanical 
fatigue behavior, and oxidation resistance uncoated or coated with 
MCrAlY alloy overlay coating. 

The '080 patent nowhere suggests Applicant's recited coated 
article comprising Applicant's superalloy substrate composition 
coated with an outwardly grown diffusion aluminide coating and 
ceramic thermal barrier coating wherein the ceramic thermal barrier 
coating exhibits a significant and unexpected prolongation of 
spallation life of the ceramic thermal barrier coating when it is 
disposed on the recited bondcoat on the recited superalloy 
substrate composition. 

The oxidation resistance test results of the uncoated and 
MCrAlY alloy overlay coated superalloy of the ! 080 patent provide 
no suggestion of Applicant's claimed coated article where the 
particular combination of the recited superalloy/outwardly grown 
diffusion aluminide coating/thermal barrier coating result in a 
significant prolongation of spallation life of the thermal barrier 
coating. 

Neither the '720 patent nor the '080 patent remotely suggests 
Applicant's coated article comprising the recited superalloy 
composition coated with an outwardly grown diffusion aluminide 
coating and ceramic thermal barrier coating exhibiting a 
significant and unexpected prolongation of spallation life of the 
ceramic thermal barrier coating by virtue of Applicant's 
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combination of recited nickel base superalloy/outwardly grown 
diffusion aluminide bondcoat/ thermal barrier coating. 

Applicant encloses copies of two technical articles which are 
not prior art documents, but which are provided for the examiner's 
review and which Applicant believes rebut the obviousness rejection 
of claims 11-16. In particular, the first technical article by 
Clarke and Levi entitled "Materials Design For the Next Generation 
Thermal Barrier Coatings", Annu. Rev. Mater. Res. 2003, 33:383-417 
discusses the status of thermal barrier coating systems comprising 
a yttria-stabilized zirconia (YSZ) thermal barrier coating 
deposited onto an oxidation resistant bondcoat applied on a nickel 
based superalloy component. 

On pages 389-390, the article discusses different types of 
bondcoats and methods of applying them and concludes that " [i] t is 
uncertain at this time which of these coating types is best for 
different applications. In large part this is because it is not yet 
known which combination of materials properties leads to the 
longest, high temperature life of the coating". On page 390, last 
paragraph, the article states that "[t]here is substantial 
circumstantial evidence to suggest that many of the TBC failures 
are associated with the oxidation of the bondcoat (4). Indeed, a 
number of manufacturers are believed to use an oxidation criterion 
as a basis for predicting average life". 

As noted above and as is apparent from the above Clarke and 
Levi technical article, Applicant's significant prolongation of 
spallation life of the thermal barrier coating is unexpected from 
the oxidation resistance exhibited by the bondcoated alloys shown 
in Applicant's Figure 2. The incorrectness of the examiner's 
hindsight analysis -based rejection is apparent from the first 
technical article. 

The second technical article by Levi entitled "Emerging 
materials and processes for thermal barrier systems", Current 
Opinion in Solid State and Materials Science, Volume 8, Issue 1, 
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January 2004, pages 77-91, emphasizes in Section 2. "The Thermal 
barrier system" that a system perspective must be taken where 
interplay between the substrate alloy, bondcoat, and thermal 
barrier coating must be considered. The incorrectness of the 
examiner's hindsight analysis -based rejection is also apparent from 
the second techncial article. 

As Applicant mentions above, neither the '720 patent nor the 

•080 patent remotely suggests Applicant's coated article comprising 
the recited superalloy composition coated with an outwardly grown 
diffusion aluminide coating and ceramic thermal barrier coating 
exhibiting a significant and unexpected prolongation of spallation 
life of the ceramic thermal barrier coating by virtue of 
Applicant's combination of recited nickel base superalloy 
composition/outwardly grown diffusion aluminide bondcoat/ thermal 
barrier coating. 

The examiner cites EP ! 489 as showing sulfur levels held to 2 
ppm as set forth in Applicant's claim 14. However, EP '489 is 
otherwise deficient for similar reasons as set forth above for the 

'080 patent. 

Applicant's believe claim 11 is not suggested by the teachings 
of the cited references and can only be obtained from the cited 
references by a prohibited hindsight analysis of the claimed 
invention. The hindsight nature of the examiner's obviousness 
rejection is believed to be apparent from the two technical 
articles, which are enclosed herewith and discussed above and which 
are subsequent in time to Applicant's claimed priority filing date. 

Achievement of a significant and unexpected prolongation of 
spallation life of a ceramic thermal barrier coating by virtue of 
Applicant's particular claimed combination of recited nickel base 
superalloy composition/outwardly grown diffusion aluminide 
bondcoat/thermal barrier coating of claim 11 is not remotely 
suggested in the cited references taken alone or together. The same 
applies to claims 12-16 which recite certain rare earth elements 
and their concentration, sulfur concentration, and hafnium 
concentration. 
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Applicant believes the pending claims are in condition for 
allowance and such action is requested. 

Respectfully submitted, 




Edward J. Titarter Reg. No. 27,4 02 
enclosure: technical articles (2) & Post Card 



CERTIFICATE OF MAILING 
I hereby certify that this correspondence and enclosures are being 
deposited with the United States Postal Service as first class mail 
in an envelope addressed to: Commissioner for Patents 
P.O. Box 1450, Alexandria, VA 22313-1450, on April J J , 2006. 
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Thermal Barrier Coatings 
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■ Abstract The emphasis in this short review is to describe the materials issues 
involved in the development of present thermal barrier coatings and the advances 
necessary for the next generation, higher temperature capability coatings. 

INTRODUCTION 

The development of today's gas turbine engines has been the result of continual 
improvements in a wide variety of engineering skills including turbine design, 
combustion, and materials. One measure of the substantial improvements over the 
past five decades is the increase in the maximum gas temperature at a turbine 
airfoil afforded by these improvements, as shown in Figure 1. The increase in 
airfoil temperature has been facilitated by three principal materials developments: 
dramatic advances in alloy design to produce alloy compositions that are both 
more creep resistant and oxidation resistant; advances in casting technology that 
have facilitated not only the casting of large single-crystal superalloy blades and 
vanes but also the intricate internal channels in the blades to facilitate cooling; and 
the development of a viable coating technology to deposit a conformal, thermally 
insulating coating on turbine components. The advances and developments in the 
first two areas have been reviewed extensively elsewhere (1). Less well known 
is the development of thermal barrier coatings (TBCs), even though in the last 
decade their use has enabled a dramatic increase in airfoil temperature, far greater 
than that enabled by the switch from cast alloy blades to single crystal blades over 
approximately 30 years. 

As originally envisaged, the primary function of a TBC is to provide a low 
thermal conductivity barrier to heat transfer from the hot gas in the engine to the 
surface of the coated alloy component, whether in the combustor or the turbine 
(Figure 2). The TBC allows the turbine designer to increase the gas temperature, 
and thereby the engine efficiency, without increasing the surface temperature of 
the alloy. Subsequently, it has been recognized that a TBC also confers additional 
benefits, for instance, providing protection to rapid thermal transients such as occur 
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Figure 1 Increase in turbine airfoil temperature over the last six decades through com- 
binations of materials advances and associated developments in cooling techniques. 
Since this diagram was constructed, the shaded region has extended to the present year, 
and the use of uncooled silicon nitride remains for the future. 

due to flame out, and as a means to even out local temperature gradients. Indeed, 
in some cases, the use of a TBC has simplified the design of blades by minimizing 
thermal distortions of the blade. However, undoubtedly the biggest benefit of TBCs 
has been to extend the life of alloy components in the hottest sections in an engine 
by decreasing their surface temperatures. 

Present day TBCs generally consist of a yttria-stabilized zirconia (YSZ) coat- 
ing deposited onto an oxidation-resistant bond-coat alloy that is first applied to a 
nickel-based superalloy component (Figure 2). In diesel engine applications where 
the temperatures are usually lower, the YSZ coating is generally applied directly 
onto the alloy. Two main types of coating are in use. For relatively small compo- 
nents such as blades and vanes in aerospace turbines, the coatings can be applied 
by electron-beam physical vapor deposition (EB-PVD). For larger components 
such as the combustion chambers and the blades and vanes of power generation, 
stationary turbines, the coatings are usually applied by plasma-spraying (PS). In 
many respects, the choice of materials and their production represent a mature 
materials technology. While improvements in their capabilities continue, there is 
a growing realization that new TBC systems will be required for the next genera- 
tion turbines presently being designed. To set the stage for coming developments, 
we first review the selection of materials used in present YSZ coatings, some 
of the new insights that have been gained in understanding how YSZ coatings 
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Figure 2 Schematic illustration of a TBC 
and the associated bond-coat on a superalloy 
in a thermal gradient. 



Superalloy 
Cooling Air 

fail, and then describe approaches to the development of the next generation TBC 
systems. 

PRINCIPAL REQUIREMENTS OF A THERMAL 
BARRIER COATING 

The turbine designers' primary requirement of a TBC is that it have a low ther- 
mal conductivity and, for rotating components, preferably also a low density to 
minimize centrifugal loads. At the materials design level this translates into three 
additional requirements. First, the material must have strain compliance so as to 
withstand the strains associated with thermal expansion mismatch between the 
coating and the underlying alloy on thermal cycling. The use cycle, both the max- 
imum temperature and the times at temperature, of course, varies between aircraft 
and power generation turbines, but nevertheless the coating must accommodate 
the large strains associated with thermal cycling. The need for strain compliance 
is illustrated in Figure 3, where the thermal expansion coefficients of zirconia, 
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Figure 3 The thermal expansion coefficients and thermal conductivity of 
a range of materials illustrating the differences in thermal expansion and 
conductivity of the principal components in TBC systems. 

alumina, and a number of alloys including nickel-based superalloys are cross- 
plotted against thermal conductivity. In the absence of any strain compliance, for 
instance due to a decreased elastic modulus, the large elastic mismatch would gen- 
erate very large stresses and lead to spontaneous failure on cooling. Second, the 
coating material must exhibit thermodynamic compatibility with the oxide, usually 
aluminum oxide, formed on the bond-coat alloy at high temperatures. Third, with 
the continual quest to run engines at higher temperatures and the increasing dif- 
ficulty of increasing the metal temperature, it is increasingly likely that designers 
will seek "prime reliant" coatings, namely ones that can be used with assurance 
that they will not fail. Prime reliant thermal coatings are ones that are necessary 
to prevent the temperature of the metal from exceeding its maximum temperature, 
much in the same way that the tiles on the space shuttle prevent the underlying 
aluminum airframe from being exposed to temperatures in excess of their melting 
temperature on re-entry. 

Because weight is at a premium in aircraft engines, thin coatings with the lowest 
possible thermal conductivity are required. In contrast, in stationary, ground-based 
engines where weight is less of a consideration, a desired temperature drop can be 
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achieved through simply increasing the TBC thickness. In practice, in components 
in both types of engine, the thickness of the TBC usually is varied from place to 
place to provide the desired thermal insulation. 

Erosion of the coating by both ingested particles, such as sand, from the op- 
erating environment and particles that come loose from the combustor liners as it 
degrades is a perennial source of concern, especially when the particles are large 
enough to cause impact damage of the coating. In some cases, inborn fine parti- 
cles, primarily dust and sand, melt into the coating as a wetting silicate while it is 
hot and can degrade the coating. These silicates, usually variants of Si-Al-Mg-Ca 
oxides that are the principal elements in sands, are often referred to collectively as 
CMAS. 

A recently recognized requirement of many materials exposed to high tempera- 
tures in gas turbines is a long-term stability in the presence of steam. This is partly 
a direct result of the generation of water during the combustion process, but in a 
number of designs it is a consequence of the use of steam injection to enhance 
turbine efficiency. Little is known about the effects of long-term exposure to steam 
on turbine materials. However, tests have revealed that many silicon-based com- 
pounds, including SiC, are unstable to the formation of volatile SiO, which results 
in the slow retraction of the material as evidenced by the reduction in thickness 
of components over long operating periods. This active oxidation and evaporation 
phenomenon precludes the use of silicon compounds in coatings unless protected 
by another coating. 

More difficult to design against are the effects of corrosion, especially airborne 
species and those, such as sulfur and vanadium, in the fuel itself. The majority of 
land-based turbines operate on natural gas, but there is increasing interest in using 
alternative fuels, such as coal gas, that are much dirtier. The consequences of using 
such alternative fuels and their effects on coatings are only now beginning to be 
investigated. 

THE THERMAL BARRIER COATING SYSTEM 

From a materials engineering perspective, it is necessary to consider the TBC as 
an integrated materials system rather than simply a thermally insulating material 
coating on a structural alloy component. A representative cross-section of a com- 
mercial coating, shown in Figure 4, illustrates the multilayered nature of a coating 
after high-temperature exposure. There are three principal layers in addition to the 
superalloy and the low-conductivity coating. Between the alloy and the coating is 
the bond-coat, so called because in the initial development stages in producing a 
viable coating, it was found that the superalloy had to be first covered with a bond- 
coat to ensure that the YSZ coating remained adherent upon oxidation. Between 
the bond-coat and the YSZ coating — sometimes referred to as the overcoat — is the 
oxide formed during high-temperature exposure. Finally, during the formation of 
the bond-coat and the YSZ coating as well as subsequently during use, a reaction 
layer forms as a result of inter-diffusion between the bond-coat and the superalloy. 
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Figure 4 Cross-section of a TBC deposited by electron beam evaporation. Note the 
columnar microstructure of the zirconia coating. The white band is a reaction layer 
formed by interdifrusion during use between the Al-rich bond-coat above and the Ni- 
rich superalloy, below. The thermally grown oxide (TGO) is too thin to be discernible 
in this micrograph. 



In practice, as mentioned above, there are two distinct types of zirconia coat- 
ings reflecting different approaches to creating the strain compliance essential to 
withstand thermal cycling. The two types of coatings are EB-PVD coatings and 
plasma-sprayed coatings. In EB-PVD coatings, the lateral strain compliance re- 
sults from the columnar structure and inter-columnar gaps produced by rotation of 
the component during deposition. The columnar structure can be seen in the mi- 
crograph of Figure 4. Transmission electron microscopy reveals that the individual 
columns also contain microscopic porosity that reduces the thermal conductivity 
of the coating. In plasma-sprayed coatings, the lateral strain compliance and re- 
duced thermal conductivity is conferred by the incorporation of porosity between 
"splats" of successively deposited material. This porosity is illustrated in Figure 5, 
where the splats in a plasma spray bond coat have preferentially oxidized and 
consequentially appear as dark veins. 

Two major classes of bond-coat alloys have also evolved over the years, but 
both were developed to form an aluminum oxide (a-Al 2 0 3 ) on exposure to air 
at high temperatures. This is important for several reasons. One is that AI2O3 
is phase compatible with YSZ, ensuring long-term thermodynamic stability of 
the coating. Uncoated, the majority of nickel-based superalloys form complex, 



THERMAL BARRIER COATINGS 389 




Figure 5 Cross-section of a TBC deposited by plasma-spraying. The plate- 
like porosity is evident in the coating as the dark veins in the center of the 
micrograph. 



multilayered nickel oxide, nickel-chromium spinels and chromium oxide, in addi- 
tion to alumina, and these are not thermodynamically stable with YSZ (2). Further- 
more, alumina is usually considered to be the slowest growing high-temperature ox- 
ide on account of it having the smallest oxygen diffusivity (3). The rationale for the 
selection of bond-coat alloys is really a subject of another review, but the bond-coat 
has to perform a number of disparate functions. It must provide a bond between the 
deposited TBC and the underlying alloy. In the early days of TBC development, the 
bonding to the alloy was a major concern, particularly plasma-sprayed, hence 
the term bond-coat. Because zirconia is a fast-ion oxygen conductor, the bond-coat 
must also be able to form a protective, stable, and slow-growing oxide to prevent 
oxidative attack of the alloy. As is described below, one of the principal forms of 
failure is associated with failure of the protective aluminium oxide. The bond-coat 
must also have sufficient morphological stability so that on heating and cooling, 
as well as at high temperature, it does not distort and introduce incompatibilities 
that can also cause the introduction of interface defects. 

The two classes of bond-coat alloys that have been developed are the platinum- 
modified nickel aluminide (PtNiAl) and MCrAlY alloys (M here refers to one or 
more of the elements Co, Ni, and Fe). The selection of these two classes of alloys 
is largely based on their prior use as oxidation- and corrosion-resistant coatings for 
protecting high-temperature alloys before the advent of TBCs. For instance, the 
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PtNiAl was originally developed as an alternative oxidation-resistant coating for 
protecting alloys at higher-temperature operation than the MCrAlY alloys available 
at the time. 

Different methods of applying the bond-coat alloys have been developed largely 
to meet production goals. Typically, PtNiAl bond-coats are formed by first electro- 
depositing Pt onto the superalloy component and then annealing it in an aluminum- 
rich vapor atmosphere. In this second step, aluminum diffuses into the surface of 
the alloy while nickel diffuses out where it reacts with the aluminum and platinum 
to form the PtNiAl aluminide coating. Depending on the quality of the coating 
required, the aluminum is provided in a pack-process or in a CVD reactor from an 
AICI3 source. In contrast, the MCrAlY coatings are commonly deposited by one of 
a number of variants of plasma- spraying. These processes are particularly attractive 
for coating large components and are, of course, cheaper than EB deposition. Also, 
as plasma-spraying does not involve a diffusion process, thicker bond-coats can be 
deposited than with the aluminizing process used to form the PtNiAl bond coats. 

It remains uncertain at this time which of these coating types is best for different 
applications. In large part this is because it is not yet known which combination 
of materials properties leads to the longest, high-temperature life of the coating. 
To provide the largest reservoir of aluminum one would expect that the thicker the 
bond-coat and the higher its aluminum content the better. However, one would also 
expect that the bond-coat should have as large a yield stress as possible at high tem- 
perature with as closely matched thermal expansion mismatch with the superalloy 
as possible to avoid thermal expansion mismatch stresses on thermal cycling. 

FAILURE MECHANISMS 

Investigation of the ways in which present YSZ coatings fail has provided consid- 
erable insight into the underlying mechanisms that limit coating life. Although, as 
with failure analysis in other areas of complex material systems, there are many 
complications, the findings nevertheless point toward methods of producing coat- 
ings that can withstand longer lives at temperature and higher use temperatures. 
One of the chronic problems is that the life of present TBC coatings invariably 
shows a wide distribution, with a high proportion of the population clustered about 
a median value but with a significant proportion failing at much earlier times. 

There is substantial circumstantial evidence to suggest that many of the TBC 
failures are associated with the oxidation of the bond-coat (4). Indeed, a number 
of manufacturers are believed to use an oxidation criterion as a basis for predicting 
average life. One such criterion is the combination of time and temperature to lead 
to a critical thickness of the TGO 1 . Another, embodied in the Coatlife software, 
is an aluminum depletion criterion based on the combined time and temperature 



! The concept of a critical thickness, of the order of 6 at 1100°C, appears to have 
originated from observations of coatings that failed under isothermal testing conditions. 
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for the concentration of aluminum at the bond-coat surface to fall below a critical 
value. In the case of MCrAlY bond-coats, the rationale for this is that when the 
Al concentration falls to ~8 a/o, aluminum oxide is no longer the thermodynamic 
preferred phase and other oxides, notably spinels, form (5). These other oxides 
do not form such a protective scale, and consequently the alloy oxidizes faster. In 
addition, the formation of these oxides is associated with an increase in volume 
that can be disruptive and possibly have lower fracture energies, although this has 
yet to be unequivocally demonstrated. Nevertheless, there are reports that when 
the bond-coat is porous, and at low-oxidation temperatures, failure follows such 
aluminum depletion (6). 

Although related to the oxidation behavior of the bond-coat, neither the con- 
cept of a critical thickness nor aluminum depletion can account for the wide dis- 
tribution in failure lives, especially under thermal cycling conditions. Indeed, in 
the majority of materials examined after failures above about 1000°C, the alu- 
minum concentration, although depleted somewhat, has not fallen to the critical 
value (7). Similarly, the short-lived coatings have failed before the TGO thickness 
has reached the thickness of its counterparts that have shown the longest lives. 
Together these findings indicate that failure occurs due to extrinsic factors arising 
during oxidation. 

The prevailing mode of failure is one in which part of the coating buckles and 
spalls away from the alloy, typically on cooling down to room temperature (8, 9). 
A typical buckling failure, in this case nucleated from the edge of a test coupon, is 
illustrated in Figure 6. Such buckling and subsequent spallation is a common mode 
of failure of all films and coatings under compression, generally associated with 
the development of compressive residual stresses in the coatings as a result of the 
difference in thermal expansion coefficient between the coating and the underlying 
alloy. The mechanics of the failure by buckling of a thin, elastically isotropic 
film under compression from a flat surface is well understood (10), provided an 
unbonded region of a critical size, <4, exists at the interface (Figure 7). For a fixed 
film thickness and residual stress, the stress at which buckling will occur is given 
by the relation: 



Thin film buckling is entirely analogous to the standard Euler buckling condition 
of a column — a bifurcation phenomenon. The striking feature of this relation is that 
the flaw size depends linearly on the thickness of the film. 2 Since even the thinnest 
of TBC is over 100 /xm thick, the critical size to which an interface flaw must grow 
before buckling can occur can be several millimeters. As interface separations of 
this large size are not usually present after coating, one of the major unresolved 



2 Because they are designed to have in-plane strain compliance, TBCs are not usually 
isotropic elastic solids. The buckling condition is modified from that in Equation 1 to 
account for the elastic anisotropy. 




1. 
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Figure 6 (Top) Incipient buckling of a TBC coating viewed under reflected light. 
(Bottom) The failure surface revealed by spallation of the TBC consists of a mixture 
of local failure between the TGO and the bond-coat (appearing dark) and in the TBC 
itself (light regions). 



questions is how interface separations first form and then grow to such a large 
size. Such progressive failure consisting of nucleation of local interface separation 
and their subsequent growth has indeed been observed (11). Recent mechanics 
calculations have shown that interface perturbations from flatness can decrease 
the critical size at which buckles can initiate and then grow in size to form a spall 
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Figure 7 Schematic illustration of the buckling of a compressed film above 
a pre-existing defect of diameter d b . 

(12) . Nevertheless, localized flaws must first initiate and then grow for spallation 
failure to occur. Understanding the nucleation of these flaws, their growth, and 
progressive linking together is essential before realistic models for predicting life 
can be developed. 

Insight into the formation of flaws comes from microstructural examination of 
coating cross-sections after high-temperature exposure but prior to spallation. Four 
examples are shown in Figure 8, each from a YSZ TBC-coated PtNiAl bond-coat 

(13) . In each case, the coating was deposited conformally onto the surface of a 
flat bond-coat so that the coating/bond-coat interface was initially flat and intact. 
As three of the micrographs illustrate, the surface of the bond-coat roughens 
and separations form with the TBC even though the bottom surface of the TBC 
remains flat. These separations are the interface flaws that progressively grow in 
size and link together with adjacent ones to allow buckling and spallation (9, 1 1). 
Roughening is more pronounced with thermal cycling but also occurs, albeit more 
slowly, on isothermal exposures (14). The growth of these separations with thermal 
cycling can now be monitored by luminescence piezospectroscopy, as described 
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in the next section, which suggests that it has the potential to be used as a viable 
NDEtool(ll,15). 

The micrographs in Figure 8 raise the question as to the underlying mechanisms 
responsible for the observed roughening. At least two new mechanisms have now 
been identified that can lead to such roughening. The roughening has been at- 
tributed to a "ratcheting" phenomenon motivated by the lateral compressive stress 
in the growing TGO and facilitated by thermal cycling (9). Measurements indicate 
that as the TGO grows in thickness with oxidation, it also concurrently develops 
a compressive stress (16, 17). If it were free to expand it would decrease its com- 
pressive stress but because it is attached to the bond-coat, the only way in which 
it can decrease its elastic strain energy is by undulating (Figure 9). In this way, its 
length increases and it remains attached to the alloy. This undulation requires the 
alloy to deform to accommodate the undulation, and the oxide must also deform 
concurrently. According to the ratcheting mechanism, this accommodation is by 
plastic deformation of both the TGO and bond-coat during thermal cycling. As 
the lateral growth of the thickening oxide continues during the high-temperature 
portion of the thermal cycles, it continues to generate compressive stress that is 
relaxed by ratcheting during the thermal cycle so the process is ongoing. Many of 
the essential features of the mechanism have been substantiated by finite element 
computations (18) and are consistent with observations of the increase in length 
of the TGO as the surfaces roughen. 

Another new mechanism shown to cause roughening is the surface displace- 
ment associated with volumetric changes in the bond-coat as aluminum depletion 
occurs. This roughening is illustrated in Figure 10, together with etched cross- 
sections revealing the presence of both y f and P phases in the bond-coat (14). 
After aluminizing and after YSZ deposition, the PtNiAl bond-coat is chemically 
homogeneous and has the /J-NiAl (B2) crystal structure. After high-temperature 
exposure, the initially flat bond-coat is rumpled and etching reveals that the bond- 
coat has partially transformed to y '-Ni 3 Al. In addition, the remaining 0-NiAl phase 
regions often have the characteristic lath structure of a martensite. These two ob- 
servations can be understood as being the result of aluminum depletion from the 
bond-coat and concurrent enrichment of nickel from the underlying superalloy, a 
classic example of interdiffusion. This change in composition is illustrated using 
the binary Ni Al diagram in Figure 1 1 . As aluminum is depleted, the average com- 
position of the bond-coat becomes increasingly enriched in nickel until reaching 



Figure 8 Cross-section of four TBCs illustrating different forms of the local sep- 
aration between the TBC and the bond-coat after thermal cycling. In each case, the 
coating was deposited conformally on the bond-coat so interface separations such as 
these indicate that the underlying bond-coat has changed its surface morphology dur- 
ing high-temperature exposure and thermal cycling. In example (b), no separation has 
occurred and it exhibits the longest life. 
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Figure 9 Schematic illustration of how an initially flat but compressed film (left) 
can lower its elastic strain energy by rumpling (right). The amplitude of rumpling 
is enhanced by thermal cycling and can cause interface separation if a superimposed 
coating cannot deform to follow the displacements of the film. 
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Figure 10 Microstructure of an initially fiat as-aluminized bond coat after 50 1-h 
cycles at 1200°C: (a) surface rumpling; (b) cross-section showing a rather uniform 
oxide layer and strong surface undulations (/-phase is revealed by etching); (c, d) 
optical micrographs showing etched cross-section before and after cyclic oxidation. 
Dark areas on the optical images correspond to the /J-phase, whereas the /'-phase in 
the coating appears white. 
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Figure 11 The Ni-Al pseudo-binary phase diagram illustrating the compositional 
range of the £-NiAl phase and the direction of the change in composition as the bond- 
coat is depleted of Al by interdiftusion and selective oxidation. 

the single-phase boundary at which point further depletion leads to the formation of 
y '-Ni 3 Al. (At even later times, the composition can extend into the y region of the 
phase diagram.) Martensitic structures within the /J-NiAl phase field also form as 
the phase boundary is approached. Whereas the martensite start temperature, M s , 
of the pure £-NiAl compositions is known to be generally around room tempera- 
ture to 300°C (20), the additional Pt, Co, and Cr present in the PtNiAl bond-coat 
increase the M s temperature, and Hemker et al. have reported M s temperatures of 
~600°C(21). 

Substantial progress has been made in the past few years in understanding some 
of the mechanisms that lead to flaw initiation and growth during use (9, 14, 1 8, 22). 
These provide the basis for developing life-prediction models, but nevertheless a 
number of unanswered questions remain. For instance, the micrographs in Figure 8 
were obtained from nominally the same superalloy, with the same bond-coat and 
the same YSZ coating all made by the same manufacturer in the same process 
manner. This difference in interface separation and roughening is particularly 
marked in this figure, but it does suggest that even small, but as yet unidentified, 
concentrations of dopants can have a large effect on life (23). 

Insights gained in the past few years into some of the important processes 
occurring within the coating during use are summarized in Figure 12. Essentially, 
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Figure 12 Schematic summary of the concurrent processes occurring in the bond- 
coat, TGO and TBC, during use at high temperatures. The complexity in failure times 
and failure modes is believed to reflect the competition between hese individual pro- 
cesses. 



the TBC system is one that evolves with time at temperature and its evolution 
depends in detail on not only the temperature but also on the thermal cycle history 
and heating and cooling rates, as well as composition. 

NON-DESTRUCTIVE EVALUATION 

As the design of coatings shifts to a philosophy of prime reliance, the ability to 
non-destructively monitor the coating, identify defects, and evaluate its remaining 
life becomes more important. In addition, there is a growing economic pressure to 
defer maintenance and replacement of parts until really necessary. (The costs are 
staggering: The cost, in replacement electricity alone, of taking a power generation 
turbine out of operation can be of the order of $ 1 million a day. The cost of replacing 
a single, first-stage turbine blade can also be very high. Depending on its size the 
cost can be as high as $10,000.) 

In the case of large area separations, several millimeters to centimeters, infrared 
imaging provides a direct means of visualizing incipient coating failure provided 
the blade can be accessed. Usually, though, a coating has failed by the time the 
separation reaches such a large size, and thus methods of identifying damage at 
an earlier time, and hence smaller size, are required. No single solution appears 
practical at this stage, although laser-induced acoustic sounding (from Lasson 
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Technologies, personal communication) and higher-spatial resolution imaging us- 
ing polarized scattered light have shown promise in detecting deliberately created 
interface flaws (25). An alternative method is one that utilizes piezospectroscopy, 
the strain-induced shift of luminescence and Raman lines. When illuminated with 
a laser having an appropriate wavelength, luminescence from the aluminum oxide 
TGO formed by oxidation on the bond-coat can be detected through the thickness 
of the TBC (26, 27). The luminescence spectrum, from Cr 3 * ions incorporated into 
the alumina TGO as it grows, is sensitive to the stress state in the TGO. (Because 
zirconia is a wide band-gap material, it is transparent in the visible so illumina- 
tion in the blue or green, e.g., as an argon ion laser, can penetrate to the TGO, 
and the stimulated luminescence, which is in the red, is transmitted back through 
the coating.) The key to the use of photoluminescence as an NDE tool is that the 
frequency of the luminescence lines shifts with mean stress and the shape of the 
luminescence lines is a direct measure of the stress distribution within the region 
of the TGO probed by the laser. As described in detail elsewhere, the luminescence 
lines can be deconvoluted and the degree of damage and local interface separation 
evaluated (11,15). Since this can be performed using focused lasers and is also 
nondestructive, piezospectroscopy-based methods show particular promise as a 
NDE tool for evaluating coatings. An example is illustrated in Figure I3a,b, that is 
a comparison of spectral data from two coatings. In Figure 13a, there little change 
in spectral shift with thermal cycling, the TGO remains flat and does not fail within 
the time of the experiments (curve A in Figure 13c) In Figure 136, a continuous 
change in frequency (curve B in Figure 13c) is shown that exhibited substantial 
spectral broadening and failed after several hundred cycles, an average value but 
shorter than the other. 

SINTERING AND DENSIFICATION 

One of the concerns in developing a reliable and robust coating is how the coating 
changes during use at high temperatures. By analogy with the behavior of other 
porous ceramics, it might be expected that the coating will density by the reduction 
in surface energy associated with the excess surface area of the pores. This process 
is commonly referred to as sintering. There are two principal concerns. One is 
that densification inevitably increases the elastic modulus and thereby decreases 
the strain compliance of the coating. The other is that densification decreases 
the volume fraction of porosity which, in turn, causes the thermal conductivity 
to increase. Although the kinetics of densification of bulk, free-standing zirconia 
ceramics is well characterized, evaluation of these effects in actual coatings is 
not. In part this is because of the peculiar geometry of the porosity in plasma- 
sprayed and electron-beam deposited coatings. In a bulk ceramic, porosity tends 
to be spherical in shape, whereas it is plate-like in plasma-sprayed coatings and 
columnar-like in EB-PVD TBCs. These differences in pore shape and topology 
are compounded by the fact that the densification of a TBC is constrained by the 
presence of the underlying alloy, which has not yet been investigated in detail. 
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In fact, it is quite likely that the densification of plasma-sprayed and EB-PVD 
TBCs might be quite different from one another and also from bulk zirconia 
ceramics on account of the constraint imposed by the alloy. Two possible factors 
appear to affect densification of coatings. One is the geometric constraint on the 
lateral shrinkage of the coating by the rigid alloy as the coating tries to density to 
lower its overall surface area. This is a classic problem in ceramic sintering known 
as constrained sintering (28). The other factor is the effect of the stress produced by 
thermal expansion mismatch between the coating and the alloy. For instance, EB- 
PVD TBCs are typically deposited at high temperatures, at about the prospective 
use temperature, whereas the majority of plasma-sprayed coatings are deposited at 
substantially lower temperatures. As a result, unless extensive strain relaxation can 
occur in the coating at operating temperatures, the difference in thermal expansion 
between the alloy and the TBC will produce stresses that can affect densification. 
In the case of the plasma-sprayed coatings, they will be under a tensile stress during 
operation that would tend to retard densification. Lack of experimental data on the 
creep strain relaxation of PSZ coatings and their densification rate presently limits 
analysis of these factors. 

Some insights into the mechanisms of densification have recently been gained 
from microstructural observations of coatings at different stages in their life. In 
plasma-sprayed coatings, the initially formed disc-shaped pores, typically formed 
at the splat boundaries, change shape by spheroidizing in much the same way as 
interconnected porosity breaks up and spheroidizes during the initial and inter- 
mediate stages of sintering packed powders. A different process appears to occur 
with EB-PVD coatings. Based on micrographs of coating cross-sections and the 
known differences in thermal expansion coefficient between zirconia and superal- 
loys (Figure 3) it has to be concluded that the majority of the individual columns 
in a coating will not be in contact at a typical operating temperature. The dilemma 
is then how densification occurs when there are gaps between the columns and 
what the mechanism of sintering might be. Examination of micrographs recorded 
after different times point to a possible sintering mechanism (Figure 14). In their 
as-deposited state, the columns have a feathery shape due to shadowing effects and 
the continuing change in incident flux direction during deposition on a rotating 
sample (29). The short wavelength features of this very rough, feathery surface 
morphology rapidly smooth out by surface diffusion to create the more undulating 



Figure 13 (a) Characteristic Rl and R2 luminescence spectrum recorded through an 
intact TBC (a), a damaged TBC (b). Deconvolution of spectrum (b) into components 
characteristic of the evolving damage in the form of interface separation (c). (d) Com- 
parison between the stresses in the TGO, derived from spectral deconvolution, of two 
different coatings as a function of thermal cycle life. The upper, unchanging data are 
from a coating that exhibits no damage over a period of 800 h. The other data are from 
a coating that steadily degrades with thermal cycling. 
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surface morphology shown in Figure 146. This occurs quite rapidly, typically 30- 
100 h at temperatures from 1050-1200°C. Cross-sections of the columns produced 
by fracturing indicate that the diffusional smoothing is restricted to the surface, 
where a distinct skin appears to have formed, and that internal porosity just below 
the surface remains such as shown in Figure 15 (V. Lughi & D.R. Clarke, unpub- 
lished data). Continuing exposure at high temperature causes perturbations with 
a positive radius of curvature on the surface to grow in amplitude with time since 
they have a higher chemical potential than the regions of negative curvature, i.e., 
in much the same way as a Rayleigh instability grows (31). Concave perturba- 
tions growing on facing, adjacent columns impinge and form a neck, Figure 14c 
(V. Lughi & D.R. Clarke, unpublished data). Once formed, the surface tension as- 
sociated with these necks creates a sintering force drawing the columns together. 
The net sintering force depends on the surface tension of the coating and geomet- 
ric effects such as the average number of necks formed along the length of the 
columns and their average diameter and spacing. The difference from the usual 
form of sintering in bulk materials is that the column geometry creates a sintering 
force that is only in the plane of the coating. 

Because densification is a thermally activated process, it is likely that coating 
sintering and densification will become of even greater significance in the design 
of future coatings for higher temperature usage. The effects will be exacerbated 
by having coating materials with lower thermal conductivity than today's YSZ 
materials because the larger thermal gradient across the coating will result in 
larger gradients in density and hence in strain compliance. 

At the present stage in development, other TBC failure mechanisms domi- 
nate life, but eventually the reduction in strain compliance produced by sinter- 
ing and densification at higher use temperatures is likely to control the life of 
coatings. 



PHASE STABILITY OF YSZ 

The majority of TBCs are yttria-stabiiized zirconia containing 7-8 mol% YO1.5. 
Under equilibrium conditions, yttria stabilizes a tetragonal phase above about 
1050°C as indicated by the pseudo-binary phase diagram in Figure 16 (32, 33). On 
cooling, the equilibrium tetragonal phase transforms to a mixture of monoclinic and 
cubic zirconia unless it is mechanically constrained (33). However, because both 



< 

Figure 14 Sequence of micrographs of an EB-PVD coating showing the evolution 
of the surface of the columns with time at temperature. The initial feathery surface 
(a) produced by the rapid deposition process smooths out (b) with surface fluctuations 
growing and impinging to form necks between adjacent columns (c). 
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Figure 15 Fracture through a column of a coating deposited by 
EB-PVD illustrating the smooth surface region and isolated pores 
within the columns. 



plasma-spraying and electron-beam deposition are high-rate, nonequilibrium pro- 
cesses, the majority of TBCs have the closely related tetragonal-prime structure, a 
metastable phase, rather than the tetragonal structure. This is of crucial importance 
because the transformation of tetragonal zirconia to monoclinic invariably causes 
cracking and failure, clearly undesirable in a coating, whereas the tetragonal- 
prime does not transform. Indeed, early work by Stecura (34), since reconfirmed 
several times, demonstrated that coatings having the tetragonal-prime structure 
exhibited the longest life under thermal cycling. Although strictly metastable, the 
tetragonal-prime phase, which is sometimes referred to as a non-transformable 
tetragonal phase, has been found to be stable for prolonged periods of time at high 
temperature, at least 350 h at 1400°C (V. Lughi & D.R. Clarke, unpublished data). 
The transformation of the tetragonal-prime phase to a mixture of tetragonal and 
cubic phases requires diffusion of Y and its spatial partitioning to create regions of 
tetragonal and cubic phases, and so the long-term stability of the tetragonal-prime 
is believed to be a direct consequence of both slow diffusion of Y in zirconia and 
a small driving force (35). 

According to nonequilibrium thermodynamic arguments, the regime of temper- 
ature and composition over which a metastable structure, such as the tetragonal- 
prime phase, can exist are bounded by the T Q lines. These lines, indicated by the 
dotted lines in Figure 16, are calculated from the free energy functions describing 



3 High-rate compared with vapor-deposition methods, such as molecular beam epitaxy 
(MBE), used in electronic materials fabrication, for instance. 
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Figure 16 The zirconia-rich corner of the Zr0 2 -YOi. 5 binary phase diagram. Existing 
YSZ coatings have a composition and operate over a temperature range shown by the 
hatched region. The tetragonal-prime phase is meta-stable within the T D bounds shown 
as dashed lines superimposed on the phase diagram. 



the individual phases. The position of the To ,m line shown in the figure has been 
confirmed through cyclic heating experiments on electron-beam deposited TBCs 
having different compositions (36). The practical importance of the T Q lines is that 
they represent limits to the long-term stability of the tetragonal-prime structure 
and so can be used to define the maximum range of stabilizer and operating tem- 
peratures over which the structure is likely to persist. For instance, it might be 
tempting to increase the operating temperature by decreasing the yttria content be- 
low 8 mol% YO1.5 since the tetragonal phase field extends to higher temperatures 
as the yttria content is decreased. However, in doing so, the 7 0 ' /m line would be 
crossed on cooling leading to the formation of monoclinic and consequent failure. 

As the high temperature stability and thermal conductivity are limited by the 
stability range of the tetragonal-prime zirconia, there has been growing interest 
in the use of both alternative stabilizers and the use of co-stabilization by adding 
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another stabilizer to yttria. Although there was some investigation of alternate 
stabilizers in the early days of the development of TBCs, lately there has been 
renewed interest in exploring these alternatives. Much of the motivation has been 
in using rare-earth stabilizers to decrease the attainable thermal conductivity (see 
below). In contrast to the development of YSZ, where much of the phase stability 
had already been determined, little is known about the compositional range of 
stability of tetragonal and cubic zirconia with different dopants. Indeed, there is 
growing evidence that there are errors in some of the binary phase diagrams of 
zirconia with alternate rare-earth stabilizers. Investigation of the phase stability 
of zirconia with two co-dopants is now underway, and the results of one such 
study are reproduced in Figure 17, top (37). The diagram presents the regions 
of stability of different phases in the ZrO2-Gd0i. 5 -YOi.5 system, including the 
Gd2Zr 2 0 7 pyrochlore phase that has recently been found to have a lower thermal 
conductivity than 7 YSZ. In Figure 1 7, bottom, details of the stability region for the 
tetragonal-prime phase are shown, clearly demonstrating that although gadolina 
(GdOi >5 ) is effective in stabilizing tetragonal and cubic zirconia, the stability range 
of the tetragonal-prime phase is more restricted than for the case with yttria. Only 
with the completion of such comprehensive, but time-consuming, studies will there 
be a firm thermodynamic basis for understanding the high-temperature stability of 
alternative coatings. 

One of the striking findings to have come from numerous studies around the 
world is that coatings having the 7-8 mol% YO1.5 composition exhibit the longest 
thermal cycle life. Both small increases in the yttria concentration and coatings 
based on alternative stabilizers and co-stabilized coatings all fail at significantly 
smaller number of thermal cycles, whether they are deposited by electron beam 
evaporation or by plasma-spraying (3 8). The reason why the 7-8 mol% YO1.5 com- 
position is special remains one of the major unresolved questions in the field. It has 
been noted, correctly, that zirconia ceramics, such as the partially stabilized zirco- 
nias, having similar yttria contents, have unusually high fracture toughness (33). 
This is a result of transformation toughening, which is the increase in toughness 
associated with the phase transformation from tetragonal to monoclinic structure. 
However, since these coatings do not undergo the transformation, the toughen- 
ing mechanism cannot operate and the exceptional thermal cycle life cannot be 
the result of the material having a high fracture toughness from transformation 
toughening. 

APPROACHES TO DECREASING THERMAL TRANSPORT 

As future engine designs call for higher gas temperatures, the importance of a 
coating that minimizes both thermal conductivity and radiative heat transfer from 
the gas to the underlying superalloy also increases. (It is unlikely that the outer 
temperature of the metallic bond-coat or superalloy can be raised.) Despite the 
fact that YSZ is transparent in the infrared, radiative heat transfer through the YSZ 
coating is only a minor contribution at present gas temperatures because of optical 
scattering within the coatings (Figure 1 8) (39). However, as the radiative power of 
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Figure 1 8 The optical absorption and scattering coefficients for YSZ zirconia. Super- 
imposed are the black-body radiation curves for a number of temperatures indicating 
that yttria-stabilized zirconia is, apart from scattering, transparent to radiative transport 
at the wavelengths pertinent to a combustion environment; redrawn from (39). 

a hot gas, assuming it radiates as a black-body, increases with the fourth-power of 
its temperature, radiative heat transfer through the coating is expected to become 
a concern in the design of future coatings. 

The most effective means of reducing radiative heat transfer would be to have a 
reflective layer on the outer surface of the coating. At present it is not known how 
to create such a reflective layer that will also withstand the long-term erosion that 
occurs from small particulates flowing through the engine. An alternative approach 
would be to fabricate a multilayer coating whose combination of layer thickness 
and optical properties lead to increased reflectivity in the infrared. Although this 
is, in principle, a viable approach, and is commonly used, for instance, in forming 
Bragg mirrors for vertical cavity semiconductor lasers (VCSELs), it calls for very 
stringent requirements for the flatness of the individual layers to have any appre- 
ciable reflective efficiency (40). For instance, for multilayers of YSZ and alumina, 4 
a system that has been fabricated, the interface roughness must be less than 5 nm. 
Also, a multiple stack of multilayers, each with a different period, would be needed 
to reflect any appreciable fraction of the broad band infrared radiation from the hot 
gas. In addition to the practical difficulties involved in making multilayers with the 



4 This multilayer system, deposited by sputtering, is currently used as an anti-counterfeiting 
device in high-denomination Canadian bank notes. 
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required interfacial smoothness, the layers would be susceptible to break-up and 
spheroidization (analogous to Rayleigh instability) driven by reduction in overall 
interfacial energy, with consequent reduction in reflective efficiency. Evidence for 
such multilayer break-up has been reported in YSZ/alumina-multilayered TBCs 
(41). 

As an alternative to creating a reflective coating, attempts have also been made 
to reduce radiative transport by incorporating infrared absorbers that convert the 
infrared to lower energy phonons. To make the most of the thermal resistance of 
the coating, these would, ideally, be placed in the outer regions of the coating. The 
most straightforward is to incorporate a second phase, such as NiO, that is highly 
absorbing in the infrared. Attempts to do so, however, have led to increases in 
thermal conductivity and increased rate of sintering. A second absorbing strategy 
is to incorporate dopant ions into the coating that have broad absorption bands in 
the infrared and re-emit at longer wavelengths. It has been suggested that many 
rare-earth ions would fulfill this requirement, especially as many of them are also 
soluble in YSZ and can serve as stabilizers. A potential drawback, though, is that 
they may decrease the high-temperature phase stability of the tetragonal-prime 
YSZ. Further phase equilibria studies will need to be carried out to evaluate this 
problem. 

The search for oxide materials having a lower thermal conductivity than YSZ 
zirconia has, in many respects, just begun. The study of thermal conductivity at very 
high temperatures has been a largely neglected field since the work of Kingery and 
colleagues in the 1 950s (Figure 1 9a) (42). They measured the thermal conductivity 
of many oxides as a function of temperature, studied the effects of porosity and the 
effects of mixing two different oxides. They also demonstrated that the thermal 
conductivity of almost all oxides decreased as 1/T in accord with the thermal 
conductivity being controlled by the Umklapp inelastic phonon-phonon scattering 
process. 5 The majority of their measurements did not extend to the temperatures 
of interest for future TBCs, but they did find that three oxides, YSZ, UO2-X, and 
TI10.7U0.3O2+X exhibited a temperature-independent thermal conductivity at high 
temperatures, quite different from the other crystalline oxides but very similar to 
that of fused silica 6 (Figure 1 9a). The absence of the characteristic 1 /T dependence 
was ascribed to the fact that both YSZ and U0 2 _ x contain a very high concentration 
of point defects and that the defects cause phonon scattering. An estimate of the 
point defect spacing can be made based on the fact that an oxygen vacancy is 
introduced into the zirconia structure for every two Y 3+ that substitutes for two 
Zr + ions. For 8 m/o YSZ, the average distance between oxygen vacancies is only 
~1 nm. Similarly, the low, temperature-independent thermal conductivity of fused 
silica and other glasses has been attributed to their random structure, precluding 



5 After correction for the temperature dependence of the thermal expansion, 
interestingly, monoclinic zirconia, which does not contain any stabilizers and hence no 
associated structural point defects, exhibits the classical 1 /T dependence due to Umklapp 
scattering (Figure 20a). 




Figure 19 (a) Thermal conductivity of a number of oxide ceramics, af- 
ter Kingery (42). (b) Thermal conductivity of yttria-stabilized zirconia as a 
function of yttria content, after Bisson et al. (66). 
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any long wavelength phonon modes with the dominant phonon contributions being 
limited by the tetrahedral unit of the glass (43). Because grain boundary scattering 
is an extrinsic mechanism limiting thermal conductivity, a number of investigators 
have advocated using nanocrystalline materials to decrease the thermal conduc- 
tivity. While this may well prove to be an effective strategy for other ceramics, 
measurements on nanocrystalline-stabilized zirconia indicate that it is not because 
the thermal conductivity is unaffected by grain size, even down to a grain size of 
65 nm (44) (Figure 20a). The most likely explanation is that the mean free path of 
the point defects in YSZ is significantly smaller than even the smallest grain size 
attainable in nanocrystalline YSZ. 

For many years it was considered that the high-temperature conductivity of 
silica glass represented the lower limit — the so-called amorphous limit — to the 
thermal conductivity of materials at high temperatures. By extension, it seems to 
have been assumed that there was little likelihood of discovering oxides with a 
lower thermal conductivity than YSZ. However, recent discoveries that related 
compounds, such as Gd 2 Zr 2 0 7 , La 2 Zr 2 0 7 , and Sm 2 Zr 2 0 7 , all have lower ther- 
mal conductivity than YSZ (45,46) have stimulated a fresh search (Figure 20b). 
Interestingly, none of these zirconate compounds, which have the pyrochlore 
crystal structure, have structural vacancies so there remains some uncertainty as 
to the reason for the low thermal conductivity of these materials. Furthermore, 
there is no reported difference in the thermal conductivity between the ordered 
and disordered forms of the Gd 2 Zr 2 0 7 phase. Recently, an oxide, \V3Nb14O44, be- 
longing to yet a different class of oxides, the substituted Re0 3 , has been shown to 
have comparable and temperature-independent thermal conductivity (47). 

Theory presently provides little guidance in selecting candidate materials that 
will exhibit low thermal conductivity at high temperatures. The Umklapp scattering 
process provides a ready explanation for the 1/T dependence, but the thermal 
conductivity cannot continue to decrease in this manner indefinitely. Indeed, once 
the phonon-scattering length and wavelength fall much below the inter-atomic 
spacing, the thermal conductivity is expected to become temperature independent 
and plateau out at a fixed value. The temperature at which this can be expected 
to occur is when the dominant phonon wavelength is equal to the inter-atomic 
distance. Unfortunately, the majority of experimental measurements reported on 
oxides do not go to a sufficiently high temperature for this limiting behavior to 
be observed except for those shown in Figure 19a. By invoking the concept that 
this limiting thermal conductivity can be computed from the condition that the 
dominant phonon wavelength is equal to the inter-atomic spacing, the limiting 
thermal conductivity can be expressed as 

* m in -> 0.%lk B Nj — , 2. 

where Mis the molecular weight, m is the number of atoms per molecule, p is the 
density of the crystal structure, E is Youngs modulus, and kt and N A are Boltzmann's 
constant and Avogadro's number (48). This expression is expected to be a lower 
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estimate for the plateau conductivity because it does not account for contributions 
to the conductivity from optical phonon modes. Nevertheless, in the absence of any 
alternatives, it provides a means of selecting potential materials for experimental 
screening. 

An alternative strategy in finding materials that exhibit low thermal conductivity 
would be the use of combinatorial approaches, such as those that have already 
met with some success in identifying new phosphors and ferroelectrics. Despite 
its obvious attraction in screening multicomponent oxides, no progress has been 
made in this area because of the lack of a rapid method of measuring thermal 
conductivity. Even with the standard thermal flash technique, measurements at a 
single temperature can typically take tens of minutes each. 

In the absence of a generally accepted model for high-temperature thermal con- 
ductivity, several groups have attempted to decrease the thermal conductivity of 
zirconia by altering the concentration of stabilizer, using alternative rare-earth sta- 
bilizers and mixing them (49-51). The rationale for many of these investigations 
is that the thermal conductivity, at least within the 1/T regime, is sensitive to the 
differences in atomic mass and ionic size. Seminal studies of this type, below the 
Debye temperature, were conducted in the 1960s substituting Ge for Si in Si-Ge 
alloys and substituting In into GaAs (52,53). Some of the recent investigations 
appear to have also been guided by the fact that additions of aliovalent dopants 
introduce point defects into the crystal structure. This effect is clearly seen in the 
yttria-zirconia system because there is almost no difference in atomic mass between 
Y and Zr and the principal effect of increasing yttria concentration is to increase the 
concentration of oxygen vacancies (Figure 1 9b). Since the majority of thermal con- 
ductivity measurements reported have been on coatings as distinct from fully dense 
materials, it has not yet been possible to distinguish between the effects of the sta- 
bilizing dopants and changes in density produced by the different stabilizer. Once 
more systematic studies of dense materials, including measurements made at high 
temperatures, in excess of 1 000° C, have been made, a clearer idea of the factors that 
determine thermal conductivity will be gained and models can then be constructed. 

Finally, of course, the traditional method of reducing thermal conductivity of a 
solid is to incorporate porosity (54, 55). The porosity decreases thermal conductiv- 
ity by effectively decreasing the section of material through which heat flows. In 
fact, all present TBCs, whether deposited by plasma-spraying or by electron beam 
evaporation, contain porosity by design. The porosity has two functions, one is to 
increase the strain compliance of the coating and the other is to decrease the ther- 
mal conductivity. The porosity of plasma-sprayed coatings is generally associated 
with splat boundaries and consequently is disk-shaped parallel to the coating. Such 
a shape is particularly effective in minimizing heat transport through the coating, 
and as-deposited plasma-sprayed coatings can have a thermal conductivity as low 
as 50% of fully dense YSZ. The dominant form of porosity in EB-PVD coatings 
is the gaps between columns. As these are oriented perpendicular to the coating, 
the reduction in thermal conductivity is less marked but nevertheless can be as 
high as 30% in an as-deposited coating. The problem with this extrinsic form of 
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thermal conductivity reduction is that pores coarsen, and as the coatings sinter, the 
volume fraction of porosity decreases. Because both coarsening and sintering are 
thermally activated processes, a method of stabilizing porosity is needed in order 
for porosity to remain an effective contribution to thermal conductivity reduction 
at higher temperatures than is found in today's coatings. 



CORROSION 

Hot corrosion in gas turbines has been a longstanding concern (56), surfacing 
prominently in the context of military aircraft operation over seawater (57). The 
problem results from the ingestion, from the environment, of salt that combines 
with S and V impurities in the fuel to yield highly corrosive mixtures of sodium 
sulfates and vanadates with relatively low melting points. When these mixtures 
deposit on a conventional YSZ thermal barrier, they can lead to the following two 
reactions (58): 

(a) Y 2 0 3 (in t' - Zr0 2 ) + V 2 0 5 (in melt) 2YV0 4 I 3. 

(b) Y 2 0 3 (in t' - Zr0 2 ) + 3S0 3 (in melt) Y 2 (S0 4 ) 3 (in melt) . 4. 

In principle, both reactions induce destabilization of f by leaching of Y and 
shifting its composition toward the range in which it becomes transformable to 
monoclinic. However, reaction (a) is of greater concern because reaction (b) re- 
quires a relatively high partial pressure of S0 3 , making YSZ much less sensitive 
to sulfate attack (59, 60). It is also reported that the equivalent reactions with Zr0 2 
are not significant (61). 

Among the alternate TBC compositions investigated, Sc 2 0 3 has also been re- 
ported to be more resistant than Y 2 0 3 to vanadate attack when dissolved in t 7 (61), 
an effect ascribed to its lower activity in solid solution. Much less is known ex- 
perimentally about the susceptibility of rare-earth oxide stabilizers to reaction, but 
a cursory examination of the formation energies of RE vanadates (Figure 21) 
suggests a well-behaved trend with ionic size. [Interestingly, Sc and In, both 
claimed to be less reactive than Y (62), qualitatively fit this trend.] One would 
then anticipate that Gd, Sm, and La should be more reactive than Y, although their 
relative activities in the t 7 or zirconate phases may change their relative suscepti- 
bilities to this form of attack. 

To date, corrosion considerations have received only limited attention in the 
development of advanced TBCs. Partly this is because of the predominance of 
clean fuels in current operation of both aerospace and power generation turbines. 
There are two exceptions. One is CMAS attack, which is perceived to be largely 
physical in nature, controlled by the wetting characteristics of the coating and thus 
not expected to vary dramatically within the present menu of viable materials. 
The other is vanadate corrosion, which is relevant in engines that experience large 
variability in the quality of available fuels, particularly oil-based rather than natural 
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Figure 21 Free energies of formation, AG°, of rare-earth vanadates (from 
oxides) at 1200°C as a function of the rare-earth ionic size (74). Note that 
decreasing temperature reduces the stability of the vanadate. 



gas or jet fueled. There is also the perception that the problem is not relevant once 
the temperature exceeds the condensation point of the corroding salts (^950°C), 
but even in high-performance engines there are likely to be colder surfaces that 
would become susceptible to hot corrosion. 



MATERIALS DESIGN OF FUTURE THERMAL 
BARRIER COATINGS 

Experience with current TBC systems provides a number of directions for the 
materials selection and design of future coatings. Having to operate at higher 
temperatures, the kinetics of microstructural evolution of coatings as well as the 
system dynamics will become even more important than they are today. Although 
there is some prospect of having a no-bond-coat system by appropriately surface 
alloying the superalloy components prior to TBC deposition, it is likely that the 
performance of TBCs will remain limited by the distortions of the bond-coat 
that develop during exposure and thermal cycling. There is a clear need for an 
interdiftusion barrier layer between the bond-coat and the superalloy to limit the 
inward diffusion of aluminum from the bond-coat into the superalloy and the 
outward diffusion of nickel and other elements, such as W, Ta, into the bond-coat 
and to the bond-coat/oxide interface. 
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There is also increasing evidence that when the bond-coat/TGO morphological 
instabilities on thermal cycling are suppressed, the life of a coating becomes limited 
by the thickness of the thermally grown oxide. The idea that failure will occur 
when the thermally grown oxide reaches a critical thickness has been current 
in the industrial community for several years. Whereas the critical thickness as 
a fracture mechanics criterion has been developed to describe failure of films 
stressed by a variety of mechanisms, ranging from lattice coherency to thermal 
expansion mismatch, the pertinent parameters to describe the failure of TBCs have 
yet to be fully developed and quantified. Nevertheless, the idea that there may 
be a maximum critical thickness has motivated TBC processing and the choice 
of bond-coat alloys that minimize the thickening rate of the TGO on oxidation. 
Thus impurities introduced during the preparation of PtNiAl bond-coats prior to 
EB deposition have been found to enhance the growth rate of the TGO (V.K. 
Tolpygo, submitted). Similarly, maximizing the grain size of the TGO is important 
to minimize its thickening rate. 

At this stage, with the recent focus on developing coatings with lower thermal 
conductivity than that of YSZ, it is difficult to anticipate which material, if any, 
will replace YSZ in future coating systems. Co-stabilized YSZ, simultaneously 
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doped with several different rare-earth ions, has been shown to have significantly 
lower thermal conductivity than 7YSZ (49). However, although it is believed that 
they are thermodynamically compatible with an alumina TGO, all the co-stabilized 
coatings made to date, whether by EB or PS, have exhibited thermal cycle lives 
inferior to that of 7YSZ. The reason why 7YSZ has the longest life of all the 
alternative rare-earth doping concentrations remains unresolved and will clearly 
be the focus of much research in years to come. The pyrochlore zirconates, such as 
Gd2Zr 2 0 7 and Sm2Zr 2 0 7 , also have lower thermal conductivity than YSZ and have 
the additional advantage that they too can be deposited by both existing EB and PS 
technologies. However, they are thermodynamically incompatible with alumina 
and so probably must be used with an intervening YSZ layer to prevent long-term 
destabilization. 

Whichever material is selected for use as the thermally insulating phase in 
future TBC systems, it is likely that it will also have to embody some form of 
capability for use as an embedded sensor. Although an operating turbine and 
combustor are exceedingly aggressive environments, some form of sensing, even 
rather rudimentary, is highly desirable. A number of ideas have been proposed 
based on introducing dopant ions that will fluoresce when illuminated. For instance, 
it has been proposed to measure the coating temperature by introducing a minor 
concentration of a rare-earth into YSZ and use the luminescence lifetime as an in 
situ measurement of temperature (64). Another idea is to make a coating of layers 
with a different luminescent ion in each and monitor the wear of the coating by 
monitoring the changes in luminescence as successive layers are eroded away (D.R. 
Clarke & M. Gentleman, in preparation). Fortunately, such doping approaches 
are compatible with the strategies being explored in making co-stabilized YSZ 
coatings and are also compatible with the crystal chemistry of the pyrochlore 
zirconates. When combined with a need to minimize radiative heat transfer, it 
is likely that the present monolithic YSZ coating will be replaced by a highly 
structured coating having the form shown in Figure 22. 

The Annual Review of Materials Research is online at 
http://matsci.annualreviews.org 
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Figure 17 (top) Representation 0ftheZrO 2 -YOi .5-GdO L5 ternary diagram (37). (bot- 
tom) The zirconia-rich portion of the ternary diagram. The coloration of the dots repre- 
sents the highest temperature at which no decomposition of the tetragonal-prime phase 
is observed (37). 
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Figure 20 (a) Thermal conductivity of a number of zirconia coatings, prepared by 
physical vapor deposition and air plasma spraying. The thermal conductivity of fused 
silica and zirconia foams are shown for comparison. 




Figure 20 (b) Comparison of the thermal conductivity of a number of aluminates, 
zirconates and zirconia coatings. (Numbers in brackets refer to references.) 





Available online at www.sciencedirect.com 

• CIBNCB^DIRBCT® 



Current Opinion in 
Solid State & 
Materials Science 



ELSEVIER 



Current Opinion in Solid State and Materials Science xxx (2004) xxx-xxx 



Emerging materials and processes for thermal barrier systems 

Carlos G. Levi * 

Materials Department, University of California, Santa Barbara, CA 93106-5050, USA 
Accepted 23 March 2004 



Abstract 

Thermal barrier systems have been the subject of vigorous research and development activities over the past few years, driven by 
the demands for enhanced reliability and substantially higher operating temperatures envisaged for the next generations of gas 
turbine engines. The menu of candidate materials and architectures has expanded considerably, including numerous concepts based 
on zirconia as well as radically different materials, multilayers and modulated distributions of porosity and chemical composition. 
Advances in deposition processes enable increased flexibility for tailoring composition and microstructure to local requirements 
within the coating system, e.g. for thermal insulation, control of interdiffusion, enhanced resistance against environmental degra- 
dation and condition monitoring. Many challenges remain but healthy and growing collaborations between the science and tech- 
nology communities bode well for future progress in this area. 
© 2004 Published by Elsevier Ltd. 



1. Introduction 

The past decade has seen the emergence of engineered 
coating systems as arguably the crucial materials prob- 
lem for the next generation of gas turbine engines [1]. 
First adopted simply as a means to enhance the dura- 
bility of metallic components in the hostile engine 
environment, coatings are now envisaged as prime-reli- 
ant elements in design, essential to extend the perfor- 
mance limits of current alloys as well as to enable the 
utilization of ceramics in gas turbines. Specifically, 
thermal barrier coatings (TBCs) offer a quantum leap in 
temperature capability equivalent to three decades of 
progress in alloy design, processing and cooling engi- 
neering [2], but reliability concerns have largely limited 
their use to reducing the effective temperature of the 
metallic component and thus extending its life [3]. 
Current engine design goals, however, are unlikely to be 
met unless major advances are made in both coating 
reliability and performance. Moreover, candidates to 
replace superalloys in the longer term, e.g. refractory 
silicides and ceramics, are now acknowledged to require 
both thermal and environmental barriers for their 
implementation [4,5]. Recognition of the latter need is 
rather recent, motivated by engine tests [6,7] that 



brought into light the full magnitude of the moisture 
attack problem on silicon-based ceramics [8]. The result 
of these trends has been a marked increase in TBC re- 
search activity, with approximately half of the total 
number of publications over the last 30 years 1 appear- 
ing after the last Current Opinion review on this subject 
[9]. 

A substantial number of reviews on various aspects 
of TBCs are found in the recent literature, e.g. [1(M6]. 
In combination, they reflect a field evolving from a 
successful technology built largely on a heuristic foun- 
dation, with a small menu of materials and largely pre- 
occupied with reliability, to an increased emphasis on 
the scientific understanding of the dynamics of these 
systems, the development of mechanism-based models 
and the diversification of materials to address the per- 
formance and durability demands of new generations of 
engines. In an effort to complement recent reviews and 
minimize overlap, this paper focuses on materials and 
process developments primarily aimed at enhancing 
performance, with selected comments on relevant 
durability issues. The emphasis is on the thermal barrier 
(Fig. 1) because it represents the area with greater 
diversity of alternate material concepts emerging in the 
period under review (not surprisingly since current 
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Fig. 1. Schematic of a thermal barrier system showing constituent 
elements and major requirements for performance and durability. 



technology is based essentially on a single material). 
Selected developments in bond coats are briefly reviewed 
but justice cannot be done to the importance of the 
subject within the scope of this paper. The reader is 
referred to [14] for a recent and more extensive review 
on bond coats. 



durability is usually dominated by their interplay. 
Consequently, modeling has taken an increasingly 
prominent role not only as a tool for elucidating the 
underlying mechanisms but, more importantly, as the 
only viable approach to integrate the contributions of 
the multiplicity of complex phenomena occurring within 
the system. TGO growth and the associated evolution of 
stresses, damage and eventually spallation of the top 
coat upon thermal cycling continue to be the primary 
focus of the durability models [17-21]. Increased 
sophistication in the models has captured some of the 
effects of the neighboring layers on the critical TGO 
dynamics, e.g. [20,22,23] but the experimental evidence 
indicates that much remains to be done in this area. A 
notable example of the interaction between modeling 
and experimental work during this period relates to the 
development of displacement instabilities in the TGO 
[24] whose origin has been a subject of considerable 
debate and remains unresolved. Proposed contributions 
arise from cyclic plasticity in the BC and TGO [25,26], 
phase transformations in the bond coat [27,28], and the 
in-plane growth strain in the TGO [24]. The mechanism 
responsible for the latter has also been a subject of 
considerable interest and discussion during the review 
period [29]. 



2. The thermal barrier system 

The generic constituents of a thermal barrier system 
for a superalloy component are illustrated in Fig. 1, 
along with a summary of requisite attributes for per- 
formance and durability. The baseline thermal barrier or 
"top coat" is a 125-250 nm layer of porous Zr0 2 par- 
tially stabilized with 7 ± 1 wt.% Y 2 0 3 (7YSZ), applied by 
either air-plasma spray (APS) or electron-beam physical 
vapor deposition (EB-PVD). Environmental protection 
relies primarily on a thin (<10 jim), dense AI2O3 layer 
(TGO), grown during service by thermal oxidation of 
the underlying metal. (Concepts for additional envi- 
ronmental barriers exist, e.g. for protection against the 
attack of molten deposits, but none has become part of 
the baseline system so far.) Because superalloys are 
optimized for mechanical performance, their surfaces 
must be modified chemically to promote the formation 
of a stable, adherent TGO. These modified surfaces or 
"bond coats" (BCs) are classified into two major 
groups: (i) single phase P-(Ni,Pt)Al (B2), applied by 
electrodeposition of Pt and subsequent aluminizing by 
some form of chemical vapor deposition (CVD) with 
concurrent interdiffusion, and (ii) overlay two-phase 
(/ + P/y) MCrAlY's, applied by low pressure plasma 
spray (LPPS) or by EB-PVD [14]. 

The most important development at the system level 
has been the emergence of a "systems perspective" [11], 
wherein functionality may be viewed as depending pri- 
marily on the attributes of the individual layers, whereas 



3. Advances in thermal barrier materials and processes 

Current technology is based essentially on one ther- 
mal barrier material, 7YSZ. The selection of this com- 
position and its continued preference is a prime example 
of the predominance of durability over performance. 
Higher Y contents offer improved insulating potential 
[30,31] but 7YSZ showed superior cyclic life in early 
tests [32] and continues to prevail over novel materials 
based on similar criteria and its established process- 
ability by both APS and EB-PVD. While it is generally 
acknowledged that 7YSZ is yet to be utilized to its full 
potential, the search for alternate materials has intensi- 
fied in the recent past, predicated primarily on the 
prospect of substantially higher operating temperatures. 
At issue are the ageing effects on the phase stability of 
7YSZ above -1200 °C [33,34], as well as on the pore 
content and architecture needed to achieve strain toler- 
ance [35,36] and desirable reductions in the thermal 
conductivity (k) [37,38]. There is also a growing concern 
about various forms of attack associated with contam- 
inants in the gas stream, including erosion [39-41], for- 
eign object damage [42], loss of compliance by 
penetration of molten deposits [43,44], and de-stabil- 
ization by hot corrosion [45-47]. 

Much of the research on thermal barrier materials 
has been driven by the desirability of further reducing k 
and improving microstructure stability at high temper- 
ature. The approaches taken can be broadly classified as 
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modifications to the chemical composition, pore content 
and architecture, or other aspects of the topology of the 
coating (layering, grain size, etc.), often through pro- 
cessing changes. Salient developments are reviewed 
below. 

3.1. Processing 

A number of notable concepts have emerged on the 
deposition technology for thermal barriers. Key trends 
arise from the disparate attributes of EB-PVD and APS 
coatings, the former offering greater durability [13,48] 
and the latter better insulation efficiency [49]. Accord- 
ingly, efforts on EB-PVD have focused on reducing the 
thermal conductivity toward APS values (<1 W/mK) 
by modification of the pore content and architecture 
through changes in process parameters. These include 
increasing the pressure [50] and the distance from the 
source [51] during deposition, applying an intermittent 
plasma to produce a modulation in density [49], period- 
ically introducing a contaminant in the deposition 
atmosphere to break down and "re-germinate" the 
columnar growth at a smaller scale [52], and manipulat- 
ing the substrate to produce a zig-zag pattern wherein the 
intercolumnar gaps are oriented obliquely to block more 
effectively the heat transport across the coating [53]. The 
last two approaches reflect an important change in the 
understanding of the pore architecture, wherein the in- 
tercolumnar gaps are no longer viewed only as the source 
of strain tolerance [54], but also as potential contributors 
to the thermal insulation. The minimum conductivities 
reported in all these cases are still ^ 1 W/mK. 2 

The most radical innovation in EB-PVD technology 
is arguably the incorporation of high velocity gas flow to 
focus the vapor plume, known as "directed vapor 
deposition" (DVD) [55]. The early motivation for this 
approach was to improve the deposition efficiency but 
the ability to manipulate the carrier gas, the introduc- 
tion of multiple sources and plasmas, and the potential 
for reactive deposition open a richer menu of synthesis 
opportunities for both BCs and TBCs. Conductivities 
for 7YSZ comparable to those of APS TBCs were re- 
ported on zig-zag microstructures produced by DVD 
[56]. A microwave plasma-enhanced CVD route has also 
emerged as a viable route to produce YSZ coatings with 
segmented columnar microstructures at rates competi- 
tive with established EB-PVD technology (~4 um/min) 
[57,58]. Results reported so far, while promising, do not 
seem to offer a significant improvement in performance 
or durability over EB-PVD [59], but potential benefits 
are claimed in flexibility for depositing certain compo- 



2 Care should be exercised in comparing the claims regarding 
reductions in thermal conductivity since details about the condition of 
the sample (as-deposited vs. aged, aging treatment, etc.) are often 
missing. 



sitions, coating multiple parts, and lower investment and 
operating costs [57]. 

Two developments in APS technology are particu- 
larly notable. The first one is the maturation of the 
dense, vertically cracked (DVC) TBCs [60], wherein 
the incorporation of cracking patterns mimicking the 
segmentation of the EB-PVD coatings is intended to 
improve their strain tolerance [61]. The denser micro- 
structure involves a reduction of the inter-splat porosity 
and thus a penalty in thermal resistivity but appears to 
benefit the erosion resistance [62,63], which is generally 
lower in APS than in EB-PVD [48]. By manipulation of 
the deposition parameters the DVC coating density can 
be reduced near the surface to facilitate polishing, as 
needed to optimize aerodynamics in airfoils [64]. These 
attributes have made DVC TBCs the technology of 
choice for larger turbine components, especially corn- 
bus tors and nozzles in advanced power generation [65]. 

A more recent deposition technology involves plasma 
spray of solution precursors (SPPS) [66]. The process 
yields a nano-structured deposit through a sequence of 
rapid solvent evaporation, pyrolysis and crystallization 
that may occur both in flight and on the substrate [67]. 
Initial reports claim significant improvements in cyclic 
durability over other APS methods and even over EB- 
PVD [68], ascribed to a DVC-like microstructure. The 
thermal conductivity is significantly higher than that of 
conventional APS coatings (~1.4 W/mK) [66], but the 
approach offers the advantage of circumventing the need 
for powder feedstock and thus the ability to explore 
multiple compositions expeditiously and at relatively 
low cost. 

Progress in the fundamental understanding of the 
TBC deposition processes has been substantial in the 
recent past. The mechanisms responsible for the differ- 
ent types of porosity in EB-PVD coatings have been 
elucidated [69-71], revealing the multiple scales at which 
the features of the growth front interact with the inci- 
dent vapor. More significantly, it has been shown that 
shadowing plays a critical role (previously not appreci- 
ated) on the selection of in-plane and out-of-plane tex- 
tures in columnar coatings [69], as well as on inducing 
microstructure variability. The latter results from vari- 
ations in the local vapor incidence pattern produced by 
interactions of the flux with the geometry of the com- 
ponent [69,72]. Recent developments in characterization 
techniques [73] open new vistas for property prediction 
and process optimization by generating the requisite 
quantitative information about these complex micro- 
structures. 

5.2. Alternate low k materials 

The major trends in novel compositions for reducing 
and/or stabilizing the thermal conductivity are based on 
Zr0 2 modified by rare-earth (lanthanide) oxide (REO) 
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Composition, mole % M0 1-5 in Zr0 2 



Fig. 2. Calculated phase diagrams for Z1O2-REO1.5 binary systems, adapted from Yokokawa [166]. The Z1O2-YO1.5 system has been inserted in the 
Lanthanide series for comparison. Note the systematic changes with decreasing size of the RE cation (from La to Lu), including the expansion of the 
fluorite field, the gradual de-stabilization of the pyrochlore phase (M 2 Zr 2 0 7 ) and its replacent with the 5-zirconate phase (N^Z^Ou). 



additions, reflecting the still unsuccessful search for 
alternate base oxides with demonstrated overall superi- 
ority over zirconia. Preliminary calculations of the 
Zr0 2 -LnO|. 5 3 phase equilibria [74] reveal strong simi- 
larities with Zr0 2 -YOi. 5 (Fig. 2) and well-behaved 
trends with ionic size, especially on the extent of the 
fluorite field and the stability of the zirconates. Thermal 
conductivity calculations using a semi-empirical phonon 
model [75] further suggested a nearly linear trend of 
decreasing k with increasing cation size between Sc and 
La, with an approximate slope of -2.9 Wm" 1 K" 1 A" 1 
for stabilizer contents of 0.08 and 0.18 MO L5 [13]. 
Lanthanide additions thus offer the dual opportunity to 
explore the design space in a systematic manner and to 
develop fundamental insight into the relative contribu- 
tions of ion size and mass to the phonon transport 
processes. 

Two important groups of candidate low k materials 
have thus emerged, one based on co-doping of YSZ with 
one or more REO [76-79] and the other on the 
pyrochlore-type zirconates (M 2 Zr 2 0 7 ) in Fig. 2 [80-84]. 
A comparison of selected results for EB-PVD coatings is 
given in Fig. 3, wherein the baseline (dashed curve) is 
given by the average trend for YSZ materials with 
increasing Y content [76]. (Variability can be significant, 
as noted by the control 7YSZ and 20YSZ samples for 
different studies.) 

The more extensive results reported in the literature 
are on multiple co-doping of TBCs, typically comprising 
Y plus two other cations, one smaller (Yb, Sc) and one 
larger (Sm, Nd, Gd) [77,78]. These have been designated 
as "defect cluster systems" on the basis of TEM obser- 
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Fig. 3. Comparative summary of thermal conductivity values reported 
in the literature for a variety of zirconia-based materials, from 
[76,77,90,167]. 



vations showing nano-scale clustering of the smaller and 
larger cations in different regions, with Y being uni- 
formly distributed [78]. It was proposed that these 
clusters contribute to phonon scattering and are pri- 
marily responsible for larger reductions in conductivity 
than those found with Y alone or co-doped with only 
one of the cations of interest (at comparable total dop- 
ant concentration). However, reductions in k of similar 
magnitude were reported in a parallel study [76] on 
systems co-doped with 7YOi. 5 and an equivalent 
amount of only one REO1.5, especially Gd (cf. Fig. 3). 4 
The latter were ascribed to a combination of phonon 



3 The relevant effects of alloying in Zr02 are based on the extent of 
cation substitution and thus the convention of expressing concentra- 
tions as atomic percent cation (mole percent of half-formula-unit for 
sesquioxides) is adopted here. In the opinion of the author this should 
be the standard practice in the TBC literature to allow rigorous 
comparison of results and to provide a consistent framework for 
analysis. 



4 The conductivities in [77,78] were measured under large gradients 
wherein the outer surface temperature is above 1200 °C [85], whereas 
those in [76] were measured with a standard laser flash technique at 
essentially uniform and much lower temperature ( ^ 500 °C). However, 
the temperature variation of conductivity is modest in all these 
materials and thus the comparison is, to a first approximation, still 
appropriate. 
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scattering point defects and "colouring" effects that re- 
duce the radiative component of thermal transport 
within the TBC. In addition to the uncertainty in the 
mechanism(s) responsible for the reduction in conduc- 
tivity, it is noted that there is no clear trend emerging 
from these studies regarding the postulated effects of 
ionic size or mass on k. The inference is that the effect of 
doping on k may be masked by the contribution from 
porosity [86], which could also vary with composition 
because of its influence on the kinetics of surface diffu- 
sion. Reported reductions in the rate of thermal resis- 
tivity degradation upon aging, associated with REO 
co-doping [77], are consistent with this view. Proper 
comparison of fully dense specimens is hindered by the 
sluggish sintering and the need to limit the densification 
temperature to prevent de-stabilization of the t' struc- 
ture (see below). 

Pyrochlore oxides (A2B2O7) are a relatively new 
addition to the menu of TBC materials: the first patent 
application was filed in 1996 [80]. Of particular interest 
are the zirconates of the larger lanthanides (Gd -» La), 
which are phase-stable up to at least 1500 °C (Fig. 2). 
Several other attributes make these materials attractive. 
An increased level of substitution relative to the co- 
doped compositions (from <15% to 50%MOi. 5 ) and the 
use of cations with a much higher atomic mass contrast 
with Zr than Y [87], are expected to yield a substantial 
reduction in k relative to 7YSZ [80]. Indeed, thermal 
conductivities ranging from — 1.1 to — 1.7 W/mK at 
temperatures between 700 and 1200 °C have been re- 
ported for zirconates of Gd, Eu, Sm, Nd and La 
[82,83,88-91]. Within this range, however, there are 
discrepancies among the different studies owing to the 
presence of significant residual porosity in the nominally 
"dense" specimens as well as the details of the mea- 
surement technique. When used as coatings these 
materials further benefit from the presence of porosity, 
as illustrated for Gd 2 Zr 2 07 in Fig. 3 [90]. Because they 
also exhibit sluggish sintering kinetics [82,92], they tend 
to preserve their pore content and architecture to higher 
temperatures, with concomitant benefits to the long- 
term strain tolerance and insulating efficiency. 

Some additional observations on the thermal con- 
ductivity of zirconates are of interest. Measurements on 
dense Gd 2 Zr 2 0 7 compacts suitably heat treated to yield 
the pyrochlore and fluorite allotropes of the compound 
revealed no significant effect of ordering on the thermal 
conductivity [83]. Moreover, k was found to vary only 
slightly over a wide range of Zr0 2 -GdOi. 5 compositions 
away from the pyrochlore stoichiometry, especially at 
high temperature [93]. Although measurements were 
limited to ^ 700 °C in these studies, molecular dynamics 
(MD) simulations predict the extension of this effect to 
higher temperatures (1400 K) for GdOi. 5 and YO1.5 
additions to Zr0 2 [94]. The inference is that these 
materials behave essentially as heavily doped zirconias, 



wherein k is relatively insensitive to concentration above 
a certain value because of increasing interactions be- 
tween the point defects. Co-doping of pyrochlores on 
both A and B sites has been proposed to further reduce 
their conductivity and modify their thermal expansion 
coefficient [91,95]. Notably, doping of La 2 Zr 2 0 7 with 
30% Nd, Eu or Gd revealed a systematic variation with 
ionic mass of the dopant cation and yielded a maximum 
reduction in k from -1.55 to -0.9 W/mK for Gd at 800 
°C. Conversely, fully dense stoichiometric Nd, Sm and 
Gd zirconates [83] and 97% dense La 2 Zr 2 0 7 [82] were 
found to have essentially the same conductivity (—1.5- 
1.6 W/mK) at 700 °C, supporting the existence of a true 
co-doping effect. The contribution of the porosity, 
however, remains to be fully quantified. 

Numerous low k compositions have been proposed 
beyond the Zr0 2 -REOi. 5 systems. Notable non-Zr0 2 
examples include Ce0 2 -YO,. 5 [96,97], La 2 Ce 2 0 7 [98], 
La hexa-aluminate (LaMgAl n Oi 9 ) [99,100] and more 
broadly magnetoplumbites (LnMi + ^Q x Alu-2xOi9 where 
Ln 3+ = La->Gd, M 2+ = Sr, Mn->Zn, Q 4+ = Ti, Si) 
[101], Garnets (Y 3 AUFe 5 -^0 12 ) [102], and Monazite 
(LaP0 4 ) [103], The LaMgAl n Oi 9 materials are of par- 
ticular interest for taking advantage of a plate-like 
structure that exhibits anisotropic diffusion (and by 
extension coarsening) and leads in practice to non-den- 
sifying microstructures [99]. Additional concepts dis- 
cussed later involve tailored microstructures, e.g. by 
layering alternate compositions. 

The search for improved TBC materials has high- 
lighted the paucity of understanding and predictive 
models for thermal transport at high temperature, 
especially in chemically and microstructurally complex 
materials such as TBCs. Accordingly, substantial effort 
has been placed on adapting and further developing 
earlier phonon models to this application, e.g. [13,16,75, 
93,104]. Improved understanding of the contribution of 
point defects has emerged from these efforts and the 
models can explain some experimental results, but 
quantitative agreement is often elusive. MD simulations 
[94,105] show promise, as noted above, but full valida- 
tion of the models is still in progress. For example, 
calculations for La-, Nd-, Sm- and Gd zirconates at 
-1200 °C predict k- 1.9 ±0.1 W/mK [94,105], essen- 
tially independent of the A cation. By comparison, 
experimental measurements at —700 °C give k — 1.6 W/ 
mK for the same materials, but a somewhat wider 
spread at 1473 K (-1.2 W/mK for Gd 2 Zr 2 0 7 [90] to 
-1.7 for La 2 Zr 2 0 7 [82]). 

A "user friendly" model aimed at providing first or- 
der guidelines for the development and selection of 
alternate TBC materials was proposed recently [86]. The 
premise is that the relevant temperatures are well above 
the Debye temperature for most materials of interest 
and thus the intrinsic thermal conductivity should be 
approaching a minimum value, largely independent of 
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point defects [106,107]. Candidate TBCs should then be 
compared on the basis of their "minimum thermal 
conductivity", as that represents the lowest value 
achievable for a given material [86]. (Radiative contri- 
butions that would enhance the conductivity of trans- 
lucent materials at high temperature are neglected in this 
approach, as are the contributions of optical phonons.) 
The expression for the /c min given in this work can be 
conveniently rewritten as: 



0.m B Q~ V \E/p) i/2 



(1) 



where Q z — \M /(mpJ/ r A )\ is the average volume per 
atom, E is the elastic modulus, p is the density, M the 
molar mass, m the number of atoms per formula unit, 
jV a is Avogadro's number and (E/p) is proportional to 
the acoustic velocity. A logarithmic plot of K min against 
(E/p) at constant fi a should be linear, suggesting the 
development of an Ashby-type map for comparing 
candidate TBC materials — see Fig. 4(a). It is evident 
that the materials of greater interest cluster on the lower 
left corner of the graph and have clear advantages over 
alternate oxides such as Zircon, Spinel, Mullite and 
YAG that have also been proposed in the literature. 
Since theoretical density and average atomic volume can 
be calculated with substantial precision for known 
materials, the main uncertainty in this plot is on the 
elastic modulus. The potential error, however, is ame- 
liorated by the half power dependence of k on E. 

A comparison of calculated and measured values 
is given in Fig. 4(b). As expected, all experimental values 
are above their calculated /c m i n , with the deviation a 
measure of the maximum potential for improvement. 
Note that the RE zirconates appear unexpectedly close 
to the limit, arguably because the minimum values in the 
literature are for materials that, while labeled nominally 
dense, still contain some porosity. It is, of course, pos- 
sible that some materials have not yet reached the re- 
gime of the minimum conductivity (obscured perhaps by 
the onset of radiative transport) and thus point defects 
may be playing a role. The qualitative guidelines 
emerging from this work are that candidate low k 
materials should contain larger, heavier ions, compliant 
bonds and structural disorder [86]. 



3.3. Issues with low k TBCs 

Thermochemical compatibility with the underlying 
alumina should be a primary requirement for any top 
coat material, since any reaction that consumes the 
TGO would likely replace it with a less protective oxide. 
The prototypical scenarios are depicted in Fig. 5. The 
tetragonal form of Zr0 2 exhibits two-phase equilibria 
and only minimal solubility with a-Al 2 0 3 at the ex- 
pected upper temperature limit for the TGO/TBC 
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interface (~1200 °C). 5 This compatibility extends par- 
tially to the cubic field for Y and all but the larger 
Lanthanides, for which no cubic field is present on the 
binary at the temperatures under discussion (cf. Fig. 2). 
The equilibrium breaks down at some critical concen- 
tration (X* in Fig. 5) beyond which the diffusion path 
would lead to the formation of one or more interphases. 

Three types of situations arise. For Y and the smaller 
lanthanide cations the first aluminate to form upon 
saturation is a Garnet (Fig. 5a) whereas the larger lan- 



5 Substantial mutual solubility, however, is known to occur with 
metastable aluminas [108] such as those that form in the early stages of 
oxidation for some bond coats, e.g. [109,110]. It has been proposed 
[111] that this could lead to the formation of the "mixed alumina/ 
zirconia zone" sometimes observed at the TGO/TBC boundary [10], 
with possible implications for the durability of the system. The 
mechanisms and effects remain under investigation. 
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Zr0 2 Aid. 5 

Fig. 5. Preliminary phase diagrams depicting the various scenarios for 
interaction between the TGO and Zr0 2 -REO L5 materials, where X* is 
the maximum tolerable concentration to avoid interphase formation at 
~1200 °C. The expected interphases as X* is exceeded are: (a) Garnet 
(G); (b) Perovskite (P) and (c) P alumina. Sources cited in text. 
F = cubic Zr0 2 (fluorite), t = tetragonal Zr0 2 , Py = pyrochlore. 

thanides (La, Nd, etc.) form instead P-alumina at much 
lower concentrations of REO1.5 (Fig. 5c). Gd and pos- 
sibly its immediate neighbors do not form either of the 
higher aluminates, whereupon the perovskite phase 
would be the expected first product of interdiffusion 
above X* (Fig. 5b). While most of these ternary systems 
are still under investigation, current understanding 
suggests that the differences above translate into differ- 
ent degrees of tolerance of the TGO to dopant content 
in the TBC, with X* being lowest for La (probably <5% 
at 1200 °C), highest for Gd (-34% at 1200 °C [112]) and 
intermediate for Y (-20% at 1250 °C [113]). The 
implication is that all the pyrochlore zirconates are 
prone to degrade the TGO by interdiffusion, requiring 
incorporation of a compatible "diffusion barrier", typ- 
ically 7YSZ, for safe implementation. Such underlayers 
are mentioned in the zirconate patent literature dating 
back to the first filing [80,92,1 14], but usually justified in 



terms of adhesion, toughness or thermal expansion 
mismatch, with no discussion of the thermochemical 
compatibility problem. The dual-layer structures present 
some challenges for implementation in the current 
industrial-scale EB-PVD systems, which are typically 
designed with multiple sources but operating with only 
one source material. The nearly invariant thermal con- 
ductivity over a wide range of intermediate composi- 
tions in Zr0 2 -GdOi. 5 [93] opens the possibility of 
lowering the Gd content of the TBC below X* (Fig. 5b), 
rendering the interface compatible without a significant 
penalty in thermal conductivity relative to the pyroch- 
lore. Conversely, a proposed composition for improved 
sintering resistance based on a minimum content of 
31%YOi.s [115] would clearly be susceptible to ther- 
mochemical interaction with the TGO (Fig. 5a). 

In contrast with the RE zirconates, the leaner Y + RE 
co-doped compositions should be generally compatible 
with the TGO (with precise limits to be determined), but 
are not fully phase stable at the temperatures of interest. 
Figs. 6 and 7 illustrate the origins of the problem. Re- 
sults of cyclic tests available in the literature reveal that, 
with few exceptions, optimal durability within a given 
chemistry occurs at low dopant concentrations (Fig. 6). 
This led to the early selection of 7YSZ as the preferred 
TBC composition for APS coatings notwithstanding its 
non-optimal k, as noted before [32]. Remarkably, the 
trend is found to extend to other materials and processes 
including EB-PVD YSZ [116], APS YbSZ [117], 7YSZ 
co-doped with Hf [118] and most recently the "cluster" 
co-doped systems [119] (Fig. 6). With the exception of 
the APS Yb-Y-RE compositions in Fig. 6, wherein the 
highest values remain to be confirmed by further tests, 
the maxima for the different groups are all likely to fall 
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Fig. 7. Schematic Zr0 2 -MOi. 5 diagram illustrating the problem of t' 
phase de-stabilization upon thermal exposure and the relevant trends 
in the phase boundaries as well as the T 0 temperature for the tetra- 
gonal-monoclinic partitionless transformation, which represents an 
upper bound to the martensite start temperature. 

within the t + F 6 or t + Py fields of the corresponding 
equilibrium diagrams (cf. Fig. 2). However, the coatings 
are typically single phase (designated t' or d to denote 
supersaturation) in the as-deposited condition and thus 
susceptible to decomposition into the equilibrium 
assemblage upon exposure to the temperatures of 
interest. 

Two important implications arise from the metasta- 
ble nature of 7YSZ and related co-doped materials. A 
minimum dopant content, dictated conceptually by the 
intersection of the To(t/m) curve with ambient temper- 
ature (Fig. 7), is needed to render the coating "non- 
transformable", i.e. insensitive to the disruptive t *-* m 
transformation upon thermal cycling. To a varying de- 
gree, the position of the To(t/m) curve is uncertain for 
the systems of interest although the limited literature 
[120, 121] suggests that Y represents a lower limit and the 
T 0 (t/m) curve shifts to higher compositions for both 
smaller (e.g. Sc) and larger (e.g. La) cations. Because the 
minimum dopant content for stability is in all relevant 
cases above its equilibrium solubility in the tetragonal 
phase, a second implication is that the equilibrium 
tetragonal phase resulting from partitioning of the as- 
deposited t'/c' structure would be "transformable" and 
thus jeopardize the long term durability of the coating 
[33]. 

The relative effect of different trivalent stabilizers on 
the resistance of TBC materials against partitioning and 
the ensuing monoclinic transformation is summarized in 



6 The cubic zirconia solid solution is labeled F (fluorite) to 
distinguish it from the cubic rare-earth oxide structure, which is 
normally designated as C. However, the term c' will be used to denote 
the supersaturated cubic zirconia form for consistency with the 
literature. 
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Fig. 8. Phase stability of singly doped binary Zr02-MO l 3 composi- 
tions (circles) and co-doped Zr0 2 -(Y 0 .5Mo.5)Oi.5 compositions (dia- 
monds). The curves represent the maximum temperature before 
significant monoclinic formation was observed, and the shaded areas 
the temperatures where some partitioning was observed without sig- 
nificant monoclinic evolution upon cooling. Co-doped compositions 
showing no sign of instability at 1500 °C (empty diamonds) are not 
expected to decompose at higher temperatures as they would enter the 
single phase cubic field. (Adapted from [168].) 

Fig. 8. The phase stability of singly doped zirconias at 
constant dopant concentration (7.6%) shows a strong 
dependence on cation size, being optimal for Yb, Y 
(which interestingly match nearly the size of the coor- 
dinating oxygen cube), and declining for both larger and 
smaller cations. The trend for the larger cations was 
rationalized in terms of an increasing driving force for 
partitioning, reflected in the progressive displacement of 
the tetragonal boundary to lower concentrations with 
increasing cation size [122,123] (Fig. 7) and a concomi- 
tant widening of the t + F phase field. Conversely, the 
shift of the tetragonal boundary to higher concentra- 
tions for smaller cations [121] renders 7.6%ScSZ essen- 
tially insensitive to partitioning at ~1400 °C but the 
concurrent shift in the T 0 {t/m) curve makes this com- 
position "transformable" upon cooling. This is at vari- 
ance with the established view that Sc is a more effective 
stabilizer than Y [34,124], derived from experiments at 
higher concentrations and involving combinations of Y 
and Sc. Note, for example, that co-doped 7.6Y + 7.6Sc 
in Fig. 8 exhibits much higher stability than the singly 
doped material, but essentially the same as that for 
15.2Y as both compositions are close to the cubic phase 
field boundary. The stability of co-doped compositions 
diminishes for the larger cations at similar stabilizer 
contents (Fig. 8), and can be further reduced when the 
RE cation predominates [125]. Co-doping can thus be 
designed to alleviate phase stability concerns, but not 
yet the problem of reduced cyclic durability (Fig. 6) 
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whose origins remain elusive. This represents one of the 
salient intellectual challenges for the TBC community 
today. 

Additional issues arise when considering environ- 
mental effects on novel TBC materials. Various reports 
at conferences have suggested that alternate composi- 
tions generally exhibit lower erosion resistance than 
7YSZ. For example, the following relative rates for 
particle erosion were measured in EB-PVD coatings: 
20YSZ (129), Ce0 2 (35), 12YCe0 2 (22), 12YSZ (2.3), 
7YSZ (1) [96]. A cursory review of the patent literature 
also suggests a concern with the baseline erosion resis- 
tance of 7YSZ as gas turbine environments become 
more aggressive [126]. The concerns have motivated 
recent modeling and experimental efforts to elucidate the 
mechanisms of erosion [39-42] and the role of the TBC 
properties on resistance to erosion and foreign object 
damage (FOD) [127]. Preliminary results suggest that 
the materials exhibit plastic deformation at service 
temperatures and also that there are significant differ- 
ences in their yield properties, which could bear on their 
erosion resistance [127]. Approaches have also been 
proposed to increase the erosion resistance of TBCs by 
dispersion of a second phase oxide, e.g. A1 2 0 3 or Cr 2 0 3 
[128,129]. These concepts address the limitations of 
earlier proposals involving discrete "wear" over-layers 
of, for example, A1 2 0 3 , [130] which would be more 
susceptible to spallation because of the thermal expan- 
sion mismatch with the TBC. While improvements have 
been reported, TBC erosion remains an area of strong 
interest and growing research. 

Concerns related to the attack of molten silicate [44] 
or sulfate/vanadate deposits [47] on current TBCs are 
not particularly alleviated by alternate compositions. 
Molten calcium-magnesium-alumino-silicate deposits 
(CMAS) appear to readily penetrate all zirconia-based 
compositions (Kraemer et al. unpublished research) and 
probably most other TBC candidate materials. Con- 
versely, the free energies of formation of rare earth 
vanadates are found to increase (become more negative) 
systematically with increasing radius of the RE cation 
[15], suggesting that many of the dopants of interest for 
reducing thermal conductivity would render the TBC 
even more susceptible to de-stabilization than 7YSZ. 
The corollary is that smaller cations like Yb and Sc 
should be more resistant to leaching by vanadate melts, 
in agreement with an earlier proposal of Sc as a pre- 
ferred stabilizer when hot corrosion is a concern [124]. 

3.4. Multilayer concepts 

A multilayer architecture is already the preferred 
approach to achieve multifunctionality in thermal bar- 
rier systems and is likely to persist and evolve further, 
e.g. [15], as demands for improved performance in- 
crease. Functionally grading the transition between the 



bond and top coats, while conceptually appealing to 
diffuse the associated strain incompatibility, is now 
acknowledged to be ineffective because of the oxidation 
penalty resulting from intermixing the metal with the 
oxygen-transparent YSZ [131]. Grading the internal 
structure of the thermal barrier (and the bond coat), 
however, offers some interesting possibilities as detailed 
below. 

Proposed multilayer approaches to the top coat may 
be broadly divided into three groups. The first one 
comprises discrete over-, under- or intercalated layers 
aimed at reducing the effect of interactions with the 
environment or with other elements of the system, 
notably the TGO. 7 Over-layers, often based on A1 2 0 3 , 
have been primarily intended for erosion [130] or cor- 
rosion protection [135,136]. Under-layers, typically 
7YSZ, are aimed at enhancing the durability of alternate 
coatings [80,92,114]. Major issues have not been re- 
ported with 7YSZ under-layers since they are selected 
for their compatibility with the TGO and other Zr0 2 
based materials, and are deposited with strain-tolerant 
microstructures. However, dense over-layers are prone 
to delamination because of CTE mismatch and the lack 
of strain accommodation mechanisms. It is in this con- 
text that functionally graded architectures have been 
proposed, e.g. for increasing the resistance to CMAS 
attack [43]. This represents a departure from conven- 
tional thinking in that it accepts the attack of the outer 
TBC layer in order to achieve strain tolerance and thus 
its survivability until needed. The outer layer is endowed 
with a dispersion of particles, e.g. A1 2 0 3 , designed to 
dissolve into the molten CMAS and raise its melting 
point/viscosity hindering its penetration into the true 
"functional" TBC underneath. Conversely, erosion 
resistance is desirable throughout the coating and hence 
microstructural grading is not particularly advanta- 
geous. Design approaches in this case have evolved from 
intercalating a multiplicity of thin layers of the hard 
phase within the TBC [137] to alternating bands of 
dispersion hardened and normal 7 YSZ [129] to a uni- 
form dispersions of hard particles [128]. 

The second category of multilayer top coats is aimed 
at enhancing thermal insulation efficiency. One subset 
within this group was originally predicated on the po- 
tential scattering effect of interfaces, typically imple- 
mented by alternating thin layers of two distinct oxides 



7 Filling the intercolumnar gaps or coating their surfaces with a 
sintering inhibitor in EB-PVD TBCs [132-134] could arguably be 
considered part of this group, but the issues are somewhat different. 
Also included in this group are layers proposed to reduce oxygen 
ingress to the BC/TBC interface and thus the rate of TGO growth. 
These concepts are fundamentally hindered by the difficulties in 
reconciling the strain tolerance requirement with the need for a dense, 
continuous diffusion barrier that has a substantially lower 0 2 
diffusivity than the TGO (otherwise one simply replaces part of a 
strain incompatible layer with another). 
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such as A1 2 0 3 and YSZ [138]. The concept presents a 
number of fundamental challenges, the most critical 
shared with an earlier proposal for using nanocrystal- 
linity as a means to substantially reduce the thermal 
conductivity of YSZ. Notably, no significant contribu- 
tion to k from the interfaces was found in a study in 
which the layer thickness were systematically varied, 
down to 100-200 nm, consistent with the fact that the 
phonon mean free path in YSZ is already much smaller 
than practically achievable interface spacings [139]. 
Moreover, a separate study revealed that these layered 
structures are not as morphologically stable as originally 
expected, partly because of the occurrence of A1 2 0 3 in a 
transient form [140]. 

Related concepts based on layering of internal 
porosity within the columns have fared better although 
the underlying mechanisms are still under debate. One 
approach involves the periodic application of plasma 
discharge during EB-PVD [49], as noted before (cf. Fig. 
3). The availability of multiple sources opens additional 
possibilities, for example by the creative use of two 
source materials with significantly different vapor pres- 
sures like 7YSZ and 12YCe0 2 [141]. The stability of the 
pore structure and ensuing increase in jc, however, re- 
mains an issue. An intriguing approach involves filling 
the pores in the outer layer of the coating with a gas or 
(partially) with a solid that prevents their densification 
[142]. The most recent version of this concept comprises 
alternating thin layers of Ta 2 0 5 or A1 2 0 3 within 20YSZ, 
with a suitable 7YSZ underlayer [143]. The concept ac- 
cepts the breakdown of the layers into fine particles that, 
upon thermal cycling, are expected to debond from the 
matrix effectively appearing as "pores" to the heat flux. 
The deposition strategy concentrates pores in bands, 
which are calculated to be more effective in reducing k 
than a uniform distribution with the same volume 
fraction [143]. 

Layered architectures are also the foundation for 
managing the radiative heat transport in the coating 
system, especially important in combustor TBCs. Ideally 
the coating should reflect the majority of the incident 
radiation from the combustor, while allowing for 
transmission of any outward radiation originating at the 
substrate/coating interface [144]. A suggested approach 
is a dielectric stack comprising two ceramics of different 
refractive indexes with layer thickness depending on the 
desired wavelengths to be reflected and transmitted 
[144]. A further evolution of this concept incorporates a 
diffuse reflective layer comprising a bimodal distribution 
of ceramic particles (typically A1 2 0 3 ), pores and a silica 
binder, under the multilayer reflector [145]. Thin (1-3 
um) Pt-group metallic layers, preferably embedded 
within the TBC, have also been proposed for reflecting 
radiation [146]. As in other thin layers, morphological 
stability is likely to remain an issue, as well as oxidation 
in the case of metals. 



A third group of multilayer concepts is motivated by 
the desirability of in-situ, non-contact monitoring of 
temperature and heat flux, as well as damage and/or 
residual thickness. A proposed avenue is to use the 
temperature-dependent luminescence properties of rare 
earths in a variety of relevant oxide hosts, notably Eu in 
YSZ or Y 2 0 3 and Dy in YSZ or YAG, to probe the 
coating temperature by measuring the life-time decay of 
the signal excited by a laser pulse [147]. These thermo- 
graphic phosphors can be either applied as an external 
layer [148] or incorporated as a dopant into the TBC 
[147], the latter approach having the advantage of 
obviating thermomechanical or thermochemical incom- 
patibilities and further contributing to reduce k. A set 
up for mapping temperature distributions on the surface 
of an experimental combustor has been demonstrated 
[148]. In principle, the idea can also be used for mea- 
suring delamination-type damage that would result in 
local "hot" spots. Using layered architectures and 
multiple dopants enables the extension of the approach 
to monitor temperature at different places within the 
coating as well as the residual thickness [15]. Multilayer 
arrays of this type are under investigation (Clarke and 
Gentleman, unpublished research). 



4. Some remarks on bond coats 

Improving bond coats continues to be regarded as the 
highest priority in current and emerging thermal barrier 
systems, as the potential of a higher performance ther- 
mal barrier can only be exploited if it remains adhered 
to the substrate. Moreover, some spallation is probably 
unavoidable in real operation even if the coatings were 
prime reliant because of events such as foreign object 
impact (R. Darolia, personal communication). A top 
coat with a substantially higher temperature capability 
would then require a similarly enhanced bond coat to 
ensure survivability of the component if local spallation 
occurs. However, the potential for increasing the BC 
capability is ultimately limited by the underlying 
superalloy, partly because temperature drops across the 
BC are much smaller than across the thermal barrier, 
and also because of exacerbated interdiffusion. 

Major challenges in enhancing bond coat tempera- 
ture capability are (i) to reduce the rate of TGO growth 
and the concomitant buildup of strain energy [1 1]; (ii) to 
increase the yield/creep strength and suppress cyclic 
plasticity effects [17]; and (iii) to minimize interdiffusion 
with the substrate that leads to Al depletion, upward 
migration of deleterious elements, and reduction in the 
effective thickness of the superalloy [14]. The relative 
importance of these challenges varies between the two 
main families of bond coats. 

Salient developments in understanding TGO growth 
include a full appreciation of the importance of surface 
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condition prior to TBC deposition. The standard prac- 
tice of grit blasting was found to introduce contami- 
nants that accelerate TGO growth [149,150], and defects 
that can initiate interfacial separation [151]. A thin 
overlayer of Pt on grit-blasted NiCoCrAlY substantially 
enhanced TBC life in laboratory tests by shifting the BC/ 
TGO interface away from the grit-blasted surface [151]. 
Persistent transient aluminas, generally undesirable in 
TBCs [111,152], were shown to transform more readily 
to ot by moderately increasing surface roughness [110]. 
Because of inherent limitations to the latter approach, 
alternate avenues suggested to accelerate the establish- 
ment of a-Al 2 0 3 include elimination of other transient 
oxides [153] as well as inoculation or doping of the BC 
surface with elements that form oxides of similar crystal 
structure (Fe2<I>3, Q2O3), combined with controlled pre- 
oxidation prior to TBC deposition [153,154]. The latter 
departs from the earlier notion that an initial oxide 
"consumed" part of the useful life of the system, gen- 
erally thought of as linked to a critical oxide thickness 
[150]. Controlled pre-oxidation, however, can establish 
an oxide that subsequently thickens at a slower rate, 
with attendant benefits to the durability [154]. 

The search for stronger BCs has been substantially 
enhanced by the emergence of test methods that allow 
probing the real BC material, rather than monolithic 
alloys with similar composition [155]. The technique 
also allows in situ observation of the bond coat micro- 
structure and phase transformations that influence its 
mechanical behavior [28]. Strenghening is a greater need 
in the P-NiAl base alloys but the options are also least 
compatible with current diffusion aluminizing tech- 
niques. Accordingly, a trend toward "overlay" P bond 
coats has emerged as a means to increase flexibility in 
alloy design and functional grading [156-160]. The ap- 
proach is particularly attractive because it allows tai- 
loring of the aluminide BC chemistry without relying on 
the superalloy to supply Ni or Cr. It is also possible to 
incorporate desired levels of solute/precipitation 
strengthening additions (Cr, Zr, Hf) [158], as well as 
"reactive" elements (Y, Hf, Zr) [156,160]. Of particular 
significance is the absence of Pt from some P alloy 
concepts [157], at variance with current art. 

Effective BC/superalloy diffusion barriers have been 
an elusive goal [14]. The concept is, in principle, 
orthogonal to the established synthesis method for dif- 
fusion aluminides but the advent of an overlay approach 
for p alloys opens new opportunities in this area. Bilayer 
BC designs have thus emerged, with the outer layer 
tailored for optimum oxidation performance and the 
inner one to block interdiffusion. Ru alloys and inter- 
metallics were identified as promising candidates in an 
extensive study of different materials based on diffusion 
couples [161]. In addition, p-RuAl offers advantages in 
refractoriness and mechanical properties over P-NiAl 
[162] and Ru additions could potentially be used for 



strengthening aluminide bond coats. Some Ru-rich al- 
loys are claimed to be sufficiently oxidation resistance to 
be suitable for protective coatings [163]. However, re- 
cent experiments on RuAl suggest reasons for concern 
(Riihle et al., unpublished work) although improved 
behavior is reported upon alloying [162], Nevertheless, 
the patent literature emphasizes Ru-bearing alloys as 
diffusion barriers, with more standard Pt-modified alu- 
minide at the TGO forming surface [164,165]. 



5. Outlook 

The recent TBC literature reveals vigorous research 
and development activities combined with growing 
needs that bode well for the future of this field. It is not 
clear at this point what system architecture could replace 
the established combination of materials, but the 
numerous ideas put forward suggest an increased ability 
for designing the microstructure according to the local 
demands for functionality. Many concepts suggest the 
likely use of multilayers within both top and bond coats, 
either for control of interdiffusion, optimization of 
TGO formation, environmental protection or condition 
monitoring. Reflecting significant evolution in under- 
standing, it is now recognized that desirable architec- 
tures are those that involve structural continuity, e.g. 
based on fluorite derived phases (with dopants or par- 
ticle dispersions where needed) for the top coat, or sin- 
gle-phase P aluminides with locally tailored composition 
for the bond coat. Implementation of these ideas may 
require significant improvements in processing, but 
fundamental obstacles are not evident at this point. 

It is also evident that the field has benefited from an 
increased collaboration between industry, government 
laboratories and academia, reflected in active interdis- 
ciplinary programs and a growing number of publica- 
tions. Continued flourishing of these interactions has 
acquired even greater importance as the prospective 
complexity of future systems comes to light. 
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